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Abstract
Abstract
Soil arching is a natural phenomenon which occurs in all granular soils as a result of 
stress redistribution. This study investigated the arching mechanism in three sands in 
a 1:3 experimental model. The degree o f soil arching within an embankment is 
assumed to be dependent on a number o f factors such properties of the fill material, 
the fill density and the height of the embankment and three series of tests were carried 
out to determine the effect of these factors on the arching mechanism At slow 
settlement rates load transfer occurred instantaneously and maximum load transfer 
was achieved after base displacements o f 3-7mm. A faster rate o f settlement o f the 
subsoil increased load transfer initially however as settlement continued this lowered 
to a residual load transfer similar in magnitude to the load transfer achieved at slower 
settlement rates.
The density index and peak and constant value angles of friction were found to be 
governing factors for load transfer and surface displacements. From the load transfer 
and displacement data a value for the critical height for each sand was calculated. The 
critical height was not a constant but was found to be also dependent on the 
geotechnical parameters o f the fill material. Base and surface settlements reduced 
considerably once the height o f the fill was above the critical height, He, however 
differential surface settlements were observed in all tests suggesting that zero 
differential settlement may only be achieved at fill heights significantly greater that 
the critical height, He.
The stress reduction ratio, (SRR) was employed to compare the experimental results 
with current design methods. The range for the critical height determined from the 
model tests was found to be in close agreement to those stated in the literature by 
Terzaghi (1943), Aslam and Ellis (2008), van Eekelen et al (2003) and Na ughton
(2007).
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1.1 Introduction
In many parts o f the world, construction o f road and rail networks is challenging due 
to marginal subsurface soils, such as soil with low bearing capacity or consolidation 
characteristics which could result in large differential settlements. Also construction 
in areas where subsidence due to mining or karstic terrain occurred has proven to be 
difficult.
Designing structures, such as embankments, on soft foundation soils where the 
structure will impose a significant load over a large area, raises several concerns. 
These concerns are related to bearing capacity failures, excessive total and 
differential settlements, large lateral pressures and movement and slope stability. A 
variety o f techniques can be used to overcome these problems which include 
preloading or stage construction, using lightweight fill, over-excavation and 
replacement, geosynthetic soil reinforcement and piled embankments. Table 1.1 
summarises the advantages and disadvantages of these various methods.
Most theoretical studies on geosynthetic reinforced piled embankments have focused 
on the investigation of load transfer mechanisms including soil arching and tension 
developed along the geosynthetic, (BS 8006, 2010, Hewlett and Randolph, 1988, 
Jenner et al., 1998 and Terzaghi , 1943). However, limited research has been carried 
out to investigate the true nature of these load transfer mechanisms (Love and 
Milligan 2003) and the factors which affect the load transfer such as the strength and
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dilatancy of the fill material, density of the fill material, pile layout, strength of the 
reinforcement and arching geometry.
Table 1.1 Main characteristics o f  the methods usedfor controlling settlements
(after Magnan, 1994)
Method Data Required Constraints Reliability Comments
Preloading • Compressibility
• Permeability
• Time 
necessary
Poor if 
desired 
settlements 
are low
• Slow 
. Cheap
Preloading 
with vertical 
drains
. Compressibility 
. Horizontal and 
Vertical 
permeability
. Less time 
necessary More flexible
• Fast
. Relatively 
expensive
Replacement 
o f soft clay • Layer thickness
. Disposal for 
extracted 
soil 
. New fill 
required
Good in the 
case of total 
replacement
. Rapid 
. Expensive
Stone 
columns, 
compaction 
sand piles
• Soil resistance
• Moduli
• Equipment 
. Preliminary 
trials
Good after 
analysing a 
set o f trial 
columns
• Rapid 
. Expensive
Piled rafts 
and bridges • Soil resistance Good
• Very 
expensive
Electro 
osmosis and 
injection
. Physico­
chemical 
properties 
. Compressibility 
. Permeability
• Destruction 
o f electrodes 
. Electricity 
needed
Uncertain
• Very 
expensive
Lightweight
materials
• Compressibility
• Permeability
. Protection of 
the
lightweight
material
Poor if  the 
desired 
settlements 
are small
• Expensive
Piled
embankments
. Soil resistance 
• Moduli Good
• Expensive 
. Rapid
Jet-grouted
columns
• Soil resistance 
. Moduli
Good
. Expensive 
. Rapid
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1.2 Piled embankments
Piled embankments are not new as they have been in use in Europe since the 1960’s 
(Annon, 2007). A piled embankment consists of piles, usually concrete, positioned in 
either a square or triangular grid, driven through the soft unsuitable foundation soil to 
a firm bearing stratum with a suitable granular fill material placed over the piles. A 
piled embankment is supported by three distinct actions,
1. The piles reinforce and stiffen the underlying subsoil
2. Piles give direct support to the embankment by means of the arching 
action between the pile caps
3. Where geosynthetic reinforcement is used the tension developed in the 
reinforcement will provide support to the embankment and assist in the 
transfer o f load to the pile caps.
Piled embankments have been used with or without geosynthetic reinforcement. A 
system without geosynthetic reinforcement is referred to as the conventional piled 
embankment, Figure 1.1(a), while the system with geosynthetic reinforcement is 
referred to as a geosynthetic reinforced piled embankment (GRPE), Figure 1.1(b), 
(Han & Gabr, 2002). Conventional and geosynthetic reinforced embankments have 
been used over piles with pile caps (such as timber or concrete piles), or columnar 
systems (such as vibro-concrete columns and soil cement columns). Since columns 
are usually of larger diameters than that o f the piles, no pile cap is usually necessary.
(a.) Conventional piled embankment (b.) Basal reinforced piled embankment
Figure 1.1: Pile supported embankments
3
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Conventional piled embankment utilise large size pile caps to ensure the entire 
embankment loading is transferred onto the pile caps by arching. Furthermore, raking 
piles are commonly included to counteract the horizontal outward thrust of the 
embankment fill. This can result in an inefficient design because the pile spacing 
cannot be maximised due to the required size of the pile caps.
Geosynthetic reinforced piled embankments require only small pile caps because the 
reinforcement transfers the loading of the un-arched portion of the embankment fill 
onto the pile caps. Moreover, the reinforcement also replaces the need for raking piles 
to counteract the horizontal outward thrust o f the embankment fill. This results in an 
efficient design as the pile spacing can be maximised for best economy.
The benefits of using piled embankments over the other techniques are many, 
vanEekelen et al (2003):
1. Superstructures can be built in a single stage without prolonged waiting
times.
2. Significant reduction in total and differential settlements.
3. Reduction of earth pressures.
4. Typical excavation and refilling techniques can be avoided.
1.3 Sinkholes
Many construction processes worldwide are carried out on areas prone to subsidence 
due to mining or karstic terrain. In these areas sudden collapse can occur which may 
lead to the rapid development of a sinkhole at the ground surface without any 
warning, Figure 1.2. It may be possible to detect the existence o f mines or karstic 
features using geophysical techniques or in depth site investigations, however more 
often this is not the case and the engineer must exercise some judgement in 
determining the likely size and shape of a possible sinkhole formation. This is usually
4
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| Aquifer|
knowledge o f sinkholes in the local area (Kempton,based on any available historical 
1992 & Lawson et al., 1994).
| Limestone]
S inkhole
Cave formed when w e  
dissolves limestone in 
aquifer
ater
Figure 1.2: Formation o f a sinkhole
Typically a mitigation strategy is adopted to prevent catastrophic collapse of any 
structure or infrastructure built on these sites. The objective o f these mitigation 
strategies is not to prevent any damage occurring but to maintain the serviceability of 
the structure until restoration work can be completed. The literature contains a 
number o f road and rail constructions where this approach has been adopted 
(Kempton, 1992, Lawson et al., 1994 and Paul, 2004).
The design concept involves constructing a layer o f fill, usually reinforced with 
geosynthetic, along the surface of the potentially collapsible ground, or over any 
other terrain in which voids might form. As the overlying fill material tries to move 
downwards into the void, under the influence of its own weight, it will try to arch 
over the void. As a consequence o f the arching behaviour, any vertical load above the 
void (namely the self-weight of any overlying fill or subsoil, plus any surface loads) 
are transferred laterally to the more stable material on either side of the void (Potts & 
Zdravkovic, 2008).
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1.4 Soil Arching
Soil arching is a natural phenomenon which occurs in all granular soils as a result of 
stress redistribution. In a piled embankment the soft soil between the pile caps settles 
under the weight of the embankment while the soil block above the pile cap does not 
thus shear stresses develop in the fill material between the yielding and unyielding 
zones (Terzaghi, 1936).
The degree of soil arching within an embankment is assumed to be dependent on a 
number of factors such as the shear strength of the fill material, the height of the 
embankment, (Naughton, 2007), the strength o f the reinforcement, the dilatancy of 
the embankment fill and the layout of the piles (Heitz et al., 2008).
1.5 Scope o f Study
The primary objectives of this study were:
1. To design, build and test a novel laboratory scale apparatus to investigate
the arching mechanism in piled embankment applications.
2. To identify the mechanism of action in soil arching using a laboratory
scaled model.
3. To define and quantify the characteristics and properties of granular fill
that influences the arching mechanisms.
1.6 Layout o f Thesis
In Chapter 2 a review o f the literature and state o f the art related to arching in piled 
embankments and areas prone to subsidence is presented. Particular attention was
6
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focused on the arching mechanism in laboratory and field studies and instrumented 
case studies.
An investigation o f the engineering properties of the sands used in the experimental 
program is presented in Chapter 3.
Chapter 4 outlines the design of the three dimensional experimental apparatus which 
provides a 1:3 model of the actual unit cell o f a piled embankment.
The experimental procedure and the overall testing approach as well as the test results 
are presented in Chapter 5.
The significance o f the experimental results are discussed in Chapter 6 and the 
conclusions o f the study are presented in Chapter 7.
7
Chapter 2: Literature Review
Chapter 2 
Literature Review
2.1 Introduction
The primary aim of the literature review is to draw upon the accumulated knowledge 
on the subject, to identify the areas where research is required and thus define the 
aims of this study. This literature review is discussed under the following headings:
The phenomenon of arching in granular soils,
Factors affecting soil arching,
Experimental studies 
Design methods.
2.2 The Phenomenon of Arching in Granular Soils
Soil arching is a natural phenomenon which occurs in all granular soils as a result of 
stress redistribution. Soil arching is encountered in a number o f engineering problems 
and involves the transfer of soil pressure from a yielding zone to an adjacent non 
yielding support. When an area o f soft foundation soil consolidates under an 
embankment differential movement occurs between the rigid zones and the subsiding 
zones and shear stresses are generated, Figure 2.1. These shear stresses transfer the 
vertical stresses above the subsiding zone to the rigid surrounding zones (Terzaghi, 
1943).
- 8 -
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Figure 2.1: Stress redistribution due to soil arching
The classic studies of soil arching involved predicting pressures on a yielding trap 
door within a structure assuming a condition of shear failure (Terzaghi, 1936). 
Terzaghi (1936) reported on experimental investigations into the stress distribution 
above a yielding trapdoor. In these studies the trapdoor gradually deflected 
downwards, and as it did so, the movement and the corresponding load on it were 
recorded.
Terzaghi (1936) described the mechanism o f arching in two stages. During the first 
stage when the downward movement of the trapdoor was less than 10% of its width 
shear stresses develop along inclined planes a’-a”  and b’-bb” , Figure 2.2. These 
shearing stresses transfer part of the weight o f the sand between the inclined planes 
onto tLe adjacent soil mass. The second stage was induced upon further displacement 
o f the trapdoor, the shear planes re-orientate almost perpendicular to the yielding 
surface accompanied by an increase in trapdoor load.
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Stage 2:Large downward displacement o f  trapdoor
Figure 2.2: Idealisation o f  the arching mechanism occurring in sand due to deflection
o f a trapdoor (Terzaghi, 1936)
A similar approach based on shear plane concepts was adopted by Marston (1930) 
and Spangler (1960) for calculating pressures on conduits buried in trenches. 
Associated theories were also investigated by Jenike (1964) for the axially symmetric 
case o f  arching which occurs in granular materials in storage bins and silos. In 
addition to methods o f analysis based on shear failure, elastic theory had been 
extensively used to predict the behaviour o f granular soils.
Handy (1985) and McKelvey III (1994) proposed that the shape o f the unyielding 
arched soil was a catenary, and in so doing stated that the model of the soil arch used 
in the classical representation was a lintel, Figure 2.3. By describing the shape o f the
- 10-
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arch as a catenary or an inverted arch, it was recognised that the transfer o f forces at 
the sides of the arch would be different than that used in the model of the lintel. 
Handy (1985) was therefore able to develop, through basic mechanics o f materials, a 
coefficient for load transfer at the edge o f the arch to the adjacent soil prisms that 
would account for the catenary shape of the soil arch. McKelvey III (1994) combined 
this soil arching theory with the tensioned membrane theory to calculate the tension 
force in the reinforcement.
McKelvey III (1994) also recommended that the stress ratio, k, should be taken as 
that proposed by Handy (1985) so as it is compatible with the catenary representation, 
Equation 2.1.
Figure 2.3: Mechanics o f  Soil Arching (after Handy 1985)
k  = 1 C6(cos2 x  - K usin2 x ) (2.1)
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Where Ka = Rankine’s active earth pressure coefficient
X = 45° + <()/2
Naughton (2007) suggested that embankment height is critical to the development of 
soil arching. It has been suggested that the phenomenon of soil arching is due to the 
shear stresses mobilised between the yielding and unyielding soil masses. When the 
embankment height is sufficiently large it is assumed that these shearing forces 
terminate at some horizontal plane within the embankment fill. This plane is termed 
the plane o f equal settlement and the height from the top o f the pile caps to this plane 
is termed the critical height, Hc.
2.3 Factors influencing soil arching
It was proposed by Naughton (2007) that the degree o f soil arching that develops 
within granular fill is dependent on a number o f factors such as:
1. Embankment height
2. Density of the fill material
3. Strength and dilatancy of the fill material
4. Strength of the geosynthetic
5. Stiffness of the piles/unyielding soil
This study focussed on the embankment height, density of the fill and the strength 
and dilatancy o f the fill material. A number o f past experimental studies are 
considered and their results in relation to these factors are presented.
2.4 Experimental Studies
2.4.1 Terzaghi, (1936)
Terzaghi, (1936) reported on experimental investigations into the stress distribution 
above a yielding trapdoor. The trapdoor gradually deflected downwards and as it did
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so the movement and the corresponding load on it were recorded. It was stated that 
where a yielding strip existed the sand above that strip will also start to yield. This 
movement was opposed by frictional resistance along the boundaries between the 
moving and the stationary mass of sand. As a consequence the total pressure on the 
yielding strip decreased by an amount equal to the vertical component of the shearing 
resistance, Figure 2.4. In every point located immediately above the yielding strip the 
vertical principal stress decreased to a small fraction of what it was before the yield 
commenced. It was also observed that at an elevation of approximately 2.5 times the 
width o f the yielding strip there was no effect on the state of stress in the sand. It was 
therefore assumed that the shearing resistance of the sand was only active below this 
height, (Terzaghi 1943)
■Assumed shear surface
c +  a Ata iv0  =  e  +  K o y tan tp
Solid Base
I t
1
V
-
t ta, +dcr,
’
V
Solid Base
Sketch o f  true shear surface
Figure 2.4: Assumptions fo r  calculating vertical stress in arching sand
(after Terzaghi 1943).
Terzaghi (1943) considered an infinitely long void (plane strain), and for a 
cohesionless fill material derived an expression for p, the pressure acting on the 
yielding strip, Equation 2.2:
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Where: y = unit weight of the fill
<f> = angle of internal friction of the fill 
K  = coefficient of lateral earth pressure 
H  = height of the fill
D = clear spacing between adjacent piles or void size 
ws = surcharge load
2.4.2 McNulty (1965)
McNulty (1965) reported on a series of arching tests with two sands using a circular 
soil container with a circular trap door at the base. It was found that the shear stress 
induced by soil arching increased with increased thickness o f the fill, H, above the 
yielding soil portion. The degree of soil arching, p, was calculated by McNulty using 
the soil arching ratio, Equation 2.3, where p — 0 represented full soil arching and p  = 
1 represented no soil arching.
Where: pb = applied pressure on the top o f the trapdoor
Y = unit weight of fill
H = height of embankment
qo = uniform surcharge on the embankment
In addition McNulty found that for axi-symmetrical conditions, a soil cover in excess 
o f 1 to 1.5 times the diameter of the yield portion had a greatly reduced effect on the
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arching mechanism as opposed to the ratio of 2.5 for plane strain conditions reported 
by Terzaghi (1936).
2.4.3 Hewlett and Randolph (1988)
Hewlett and Randolph (1988) derived a theoretical solution for the arching action of 
free draining granular material above piles, based on observation from laboratory 
model tests on moist sand performed for different boundary conditions. A schematic 
o f their experimental set-up is shown in Figure 2.5.
s -Test Box
Sand/ './. ' /  V  '' . 
. ^ ^ R n b b «  CliipsFoam
i
!iqpqpqpqM pqpqp™ qpqpqpqpqpqpqp qpqpqpqpqpqpqpi
Figure 2.5: Test set-up used by Hewlett and Randolph (1988)
The overall principal behind the Hewlett and Randolph analysis was that arches of 
sand shed the uniform overburden of the embankment onto the pile caps and that the 
infilling sand beneath the arch offered no support or counter pressure and that pore 
pressure was zero so therefore the total and effective stresses were equal in the 
analysis. Hewlett and Randolph (1988) defined the term efficacy (E) as the proportion 
o f the embankment weight carried by the piles. The stress acting on the geosynthetic 
was determined by considering the limiting equilibrium of stresses in a curved region 
o f sand between adjacent pile caps. The critical location was found to be the crest of 
the arch, Figure 2.6(a), and the corresponding efficacy was obtained, Equation 2.4.
E = \ —(I —S 2 )(A -  AB + C) (2.4)
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Where: A = (1 -  S 2 )
2 K p - 2
y i 2H[ 2 Kp - 3  
c _ s - b \ 2Kp - 2
j 2 H l 2 K p - 3  
8  = W  and Kb/  /  s p
f l  + sin </>/
/ 1 - s i n ^
b = pile cap width 
s = pile spacing
Kp = coefficient of lateral earth pressure -  passive mode 
H  = embankment height 
(j) = angle of internal friction
Hewlett and Randolph (1988) also examined, through numerical analysis generalising 
the plane strain physical modelling, the case o f a grid o f piles which changes the 
arching geometry from a two dimensional arch to that of a three dimensional sand 
vault which comprises of a series of domes, the crown of which was hemispherical. 
In this case it was found that the crown o f the dome was not the only critical location 
with bearing failure at the pile caps also a possibility, Figure 2.6(b), the efficacy for 
such a case was defined as Equation 2.5.
(2.5)
Where:
Hewlett and Randolph suggested that the lower o f these two estimates was to be used 
in design as this would prevent failure at both the crown of the arch and pile cap 
level. It was also noted that since failure occurs only in the lower part o f the
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embankment it would be advantageous to build the lower part of the embankment 
using dense well compacted granular fill, which would increase the effectiveness of 
the pile support (Hewlett and Randolph, 1988).
As Hewlett and Randolph idealised the arching o f granular fills in a piled 
embankment as a system of vaulted domes of hemispherical shape supported by 
diagonally opposite pile caps; the height from the surface o f the pile cap to the crown 
of the dome would therefore be equal to the distance between diagonally opposite pile 
caps or 1.4 times the clear spacing between adjacent pile caps.
Detail on an element o f arched
sand at the crow n o f  a dome
B y vertical equilibrium o f  forces 
cIo r  , 2 ( C r - c #) y
dR +  R---------*
(a) (b)
Figure 2.6: Critical locations within a grid o f  piles (according to Hewlett and
Randolph 1988)
2.4.4 Horgan and Sarsby (2002)
Horgan and Sarsby (2002) considered current theoretical soil arching design methods 
and in turn compared these methods to plane strain experimental test results. The test 
apparatus consisted of a steel box with a Perspex face (1.105m long by 0.72m wide 
and 0.56m deep) which was filled with sand, Plate 2.1. On either side o f the base
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were steel supports, but the central section incorporated a trapdoor that was lowered 
during the tests. The pressure acting on the trapdoor, the tensile forces acting in the 
geosynthetic and the mid-span surface displacements were monitored throughout the 
tests.
Their findings, in terms of the stress reduction ratio, are presented in Figure 2.7, 
where the stress reduction ratio is given by p/yH  (p the average vertical stress carried 
by the trapdoor, y is the unit weight of the fill and H  is the embankment height). The 
observed results demonstrated a distinct decrease in the stress reduction ratio when 
H/D increased from 1.5 to 1.9, suggesting that an arch had formed and that the 
overburden load was no longer reaching the trapdoor.
Plate 2.1: Test apparatus (Horgan and Sarsby 2002)
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Figure 2.7: Comparison o f  computed and measured stress reduction ratios fo r  
different arching theories (after Horgan & Sarsby, 2002)
2.4.5 Vianna and Bueno (2002)
A series o f model tests were undertaken by Vianna and Bueno (2002) using a small 
test tank made o f steel that was 1500mm long, 700mm wide and 500mm deep. 
Across the base o f the tank was a yielding trapdoor, 100mm wide by 650mm long; 
thus the H/D ratio was 5 when the tank was fully filled. Geosynthetic material was 
placed in the bottom of the tank, and then covered with a layer of compacted fill. The 
bottom o f the test tank was instrumented with earth pressure cells, and the 
geosynthetic sheet was accessible so its deformation could be observed. After the fill 
had been placed, the top o f the test tank was sealed, and a uniform surcharge was 
applied to the fill surface using an air bag. Two different fill materials were used in 
these tests; a pure sand, and a fine sandy soil with 15% clay.
An unreinforced test was performed using the pure sand as the fill material where the 
trapdoor was lowered after the full construction of the fill layer. The load cell
Chapter 2: Literature Review
attached to the trapdoor showed a clear drop-off in the vertical stress (to just 10% of 
the full self-weight of the soil and surcharge) shown in Figure 2.8, in which Cell COO 
is the cell attached to the centre of the trapdoor and Cells C01 and C02 are attached to 
the base o f the box 100mm and 200mm respectively beyond the edge o f the trapdoor. 
While there was a slight increase in the vertical stresses measured elsewhere in the 
box, which is indicative of the development of a load transfer mechanism such as a 
soil arch. It was also suggested that for preliminary calculation it can be estimated 
that the critical height, Hc = 1.5B, where B is the width o f the void.
2.4.6 Kempfert et al (1999) & (2004)
Kempfert et al. (1999) and Kempfert et al. (2004) presented a new design method 
derived from 1:3 laboratory models of the piled embankment problem. The model 
consisted o f 400x1100x1100mm of peat to which 4 piles were driven at 500mm 
spacing’s. Granular fill to a depth of 1000mm was then placed on top of the peat and 
piles, Figure 2.9. Tests were performed without reinforcement and with two different 
model polyester biaxial geogrids.
70
0
0 0.1 0.2 0.3 0.4 0.5 0.6
V e r tic a l  D is p la c e m e n t o f  T ra p d o o r  (m m )
Figure 2.8: Results o f  vertical stress measured in unreinforced test 
(after Viana & Bueno, 2002)
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Figure 2.9: Typical 1:3 scale test arrangement (Kempfert et al. 1999)
An increasing static surcharge, p, was then applied to the model. Geogrid strains and 
deflections, soil pressures and effective loads on piles were recorded, Figure 2.10. 
The method estimated the magnitude of load on the soft soil with no reinforcement 
included, before estimating the tension in the reinforcement required to carry the 
load.
In the laboratory study it was observed that a higher tension was generated in the 
reinforcement spanning directly between the adjacent piles. The method proposed 
allowed for support from the subgrade to be included. The tension in the 
reinforcement was estimated based on the theory of elastically embedded membranes. 
The magnitude of subsoil support was calculated based on a modulus o f subgrade 
reaction. The authors concluded, that in the case of static loading and mobilised soft 
soil counter pressure the simplified analytical procedures commonly used do not 
reproduce the stress redistribution effects precisely and tend to overestimate required 
reinforcement forces.
Chapter 2: Literature Review
Figure 2.10: Vertical pressures in the centre line o f  the system 
fo r  static surcharge o f p  = 54kN/m2 (Kempfert et al. 2004)
2.4.7 Heitz et al. (2008)
Heitz et al. (2008) presented large scale model tests on geosynthetic reinforced pile 
supported embankments carried out to examine the stress distribution in the soil 
above the pile heads and the effect of the geosynthetic on the bearing capacity. 
Different pile layouts were investigated under static and cyclic loading. It was found 
that without geosynthetic reinforcement the arching effect could only be formed to a 
limited extent under cyclic loading, with the efficacy during the 1Hz loading stage 
decreasing from 76% to 56% and during the 5Hz loading stage this reduced to 39%, 
Figure 2.11. Heitz (2008) also showed a lower limit for soil arching to be 0.5H/(s-a), 
where H is the embankment height and (s-a) is the clear spacing between adjacent 
pile caps.
These investigations were supplemented with numerical and analytical calculations. 
A ‘soil arching reduction factor’, k ,  was introduced, Equation 2.6.
Chapter 2: Literature Review
K -
zykl
(2.6)
with Estat= soil arch ratio due to static loading
Ezyk|= minimum soil arch ratio during cyclic loading
1 Hz 5 Hzrrorq—
10000 1000000
number of cycles N f-1
Figure 2.11: Efficiency o f  soil arching in the case o f  non and multi layered reinforced
systems (Heitz et al, 2008)
2.4.8 As lam and Ellis (2008) & Ellis and Aslam (2009 a & b)
Aslam and Ellis (2008) & Ellis an Aslam (2009 a & b) carried out a series of 
centrifuge tests at the University o f Nottingham examining the performance of 
unreinforced piled embankments constructed over soft soil in terms o f stress acting 
on the subsoil and differential movement at the surface o f the embankment. The 
effect of a working platform below pile cap level was also considered. It was found 
that the embankment height appeared to be a critical parameter. It was also suggested
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that a ‘Ground reaction curve’ (GRC) concept could potentially be used to quantify 
variation of arching in the embankment with settlement, Figure 2.12.
Figure 2.12: Potential use o f GRC concept to assess settlement to give equilibrium
(Ellis & Aslam, 2009 b)
From the centrifuge tests carried out by Ellis and Aslam (2009) on unreinforced piled 
embankments the embankment height appeared to be a critical parameter. It was 
found that H/(s-a)< 0.5 stress on the subsoil was not reduced by arching and there 
was significant differential settlement; for 0.5<H/(s-a)<2.0 increasing evidence that 
arching was occurring and differential settlement at the surface o f the embankment 
reduces to a small value and for 2.0<H/(s-a) there was “full” arching with efficacy 
close to 1.0 and little to no differential settlement at the embankment surface.
2.4.9 Chen et al (2007)
A total o f 15 model tests conducted to evaluate the effects of pile subsoil relative 
displacement, embankment height, cap beam width and clear spacing and 
geosynthetics with different tensile strengths on the stress concentration ratios and 
settlement in the embankment were presented by Chen et al (2008). The test results
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indicated that the stress concentration ratio varies with pile subsoil relative 
displacement and has upper and lower bounds. The higher ratio o f embankment 
height to cap beam clear spacing as well as a higher ratio of cap beam width to clear 
spacing would result in a higher stress concentration ratio and also the inclusion o f a 
geosynthetic membrane can increase the stress concentration ratio. In the 
experimental tests it was found that when the embankment height to cap beam ratio 
H/s<1.4 differential settlement occurred at the surface of the embankment and 
H/s>1.6 no differential settlement occurred at the surface.
2.4.10 van Eekelen et al (2003) 
van Eekelen et al. (2003) extended the Rogbeck et al. (1998) method for incomplete 
arching. Only the weight of the existing part of the soil wedge was accounted for and 
as the arch was not full, Figure 2.13, the part of the surcharge that acted on the wedge 
was also taken into account.
Surface Load, p
Figure 2.13: Complete and incomplete arching (van Eekelen 2003)
A two-dimensional large scale apparatus was developed by van Eekelen et al. (2003) 
in which the soft soil between the piles was simulated with soaked foam plastic 
blocks, covered with rubber bags. During the consolidation o f the foam plastic 
blocks, the sand embankment showed arching clearly. The tests were carried out in
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two phases, phase one which was self weight and phase two which was the addition 
of a lOkPa static load placed over the sand embankment. One experiment with a piled 
sand embankment was carried out successfully with the test set-up and the 
development of arching was observed and measured. The test results showed that the 
shear angle (the angle between the horizontal and the observed shear plane) was 
76.5°, therefore the minimal height of embankment for full arching was 2.08(s-a). It 
was also observed in the test procedure that the settlements during phase one 
remained constant over the height which suggested that the soil below the arch 
behaved as a stiff wedge, while the settlements at the base o f the soil wedge were 
greater than the settlements at the surface in phase 2.
2.4.11 Huat et al (1994)
Centrifuge and laboratory tests were carried out by Huat et al. (1994) to investigate 
the influence parameters such as embankment height, fill properties and pile area 
ratio had on the load sharing between the pile and the ground. It was observed from 
the laboratory tests that the proportion of fill weight taken by the piles increased with 
an increase in ground settlement until peak, Figure 2.14. It was also noted that there 
was a slight drop in efficacy to a constant residual value after peak and both the peak 
and residual values were dependent on fill height.
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Figure 2.14: Efficacy v Settlement (Huat et al, 1994)
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However, they found that reducing the ratio of pile caps to unit cell area resulted in a 
continuous drop in Efficacy after peak as no stable arches formed during the test and 
it was observed that this resulted in punching failure thus reducing the efficacy.
2.4.12 Othman & Pyrah. (1996)
An experimental investigation into the behaviour of piled embankments was carried 
out by Othman and Pyrah (1996) using a pin model apparatus. It was found from the 
model that generally the stresses in the subsoil decreased as the settlement increased 
which was in agreement with results recorded by other researchers (Hewlett & 
Randolph, 1988). They found that only a small amount of settlement in the subsoil 
resulted in mobilisation of the load transfer, in the particular test reported this was 
3mm. The development of the experimental model and tests conducted to examine 
the effects o f the pile cap area on the model behaviour were discussed. It was found, 
from varying the depths of the fill material along with the pile cap area, that it was 
possible for a pile cap area of 30% to support up to 63% of the embankment load.
2.4.13 Sadrekarimi et al (2008) & (2010)
Sadrekarimi et al (2008) and Sadrekarimi et al (2010) presented results o f an 
experimental procedure for studying the arching effect in loose and dense sand. The 
apparatus comprised of circular trap doors of different diameters at the base of the 
model which yielded downward while stresses and deformations were recorded 
simultaneously. As the failure process occurred the measured stress showed an 
ascending trend, which rose rapidly to a peak value at small base displacements. 
Depending on the diameter of the trapdoor there was a critical density at which the 
tests lead to form a stable arch. A mathematical method to establish the shape o f the 
sand vault was introduced and results from the experimental were compared to this 
method. The results were also compared to Terzaghi’s theory and the assumption of 
upper boundary solution was discussed. It was found that sand density and trapdoor 
diameter were both dominant factors affecting the formation o f a stable arch. Also for 
each thickness o f sand mass and trap door diameter there was a relative density at
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above which ground surface settlement due to arching in the fill material becomes 
practically negligible.
2.4.14 Hironaka et al. (2006) and Watanabe et al (2010)
Hironaka et al. (2006) and Watanabe et al (2010) conducted a series o f model tests 
for three reinforcement cases, CASE 1 -  no reinforcement; CASE 2 -  with the 
installation o f a geogrid with horizontal and vertical rib interval of 2mm and CASE 3 
-  installation of a geogrid with horizontal and vertical rib interval of 9mm. The 
behaviour o f the soil box was scanned after settlement using an X-ray CT scanner, 
Figure 2.15(a). It was observed that the addition of a stiff geogrid reduced the arching 
effect. Figure 2.15(b) shows the model of the embankment load that acts on the 
ground between the piles while Figure 2.15(c) displays a three dimensional image 
from CASE 1.
ra
CASE 1
Three dimensional image from CASE 1
Figure 2.15: CT Scanner results for three reinforcement cases (Hironaka et al., 2006)
2.4.15 Chew et al. (2006)
A series o f large scale model tests have been carried out by Chew et al (2006) to 
investigate the contributions of soil arching effect and geosynthetics tensioned 
membrane effect in this geosynthetic reinforced piled embankment (GRPE) system.
Proposed model o f  embankment bad  that acts 
on the ground between piles from PWRC (2000)
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Four large scale model tests were carried out to evaluate the effect of embankment 
height and geosynthetic stiffness on the performance of the GRPE system. Three of 
these test specimens were reinforced with geosynthetic while the forth had no 
reinforcement thus relying totally on soil arching. During the removal o f the subsoil a 
large differential settlement developed between the soil columns and the soil in 
between the pile caps. This promoted the development o f the soil arching effect. It 
was observed that the increase of vertical stresses was concentrated near the crown of 
the arch, which experienced the revised static overburden pressure. On the other 
hand, the soil beneath the crown of the arch experienced a soil pressure which was 
lower than the static overburden pressure. The results o f these tests showed that both 
the arching effect and the tensioned membrane effect contribute to the stability o f the 
soil mass above the piled embankment. In addition, it was shown that the 
embankment height affected the arch formation, which is directly related to the 
surface settlement. However, it was observed that in the unreinforced case the 
configuration could not achieve stability and a sinkhole formed at the fill surface.
2.4.16 Jencketa l (2006) & (2007)
Jenck et al (2006) and Jenck et al (2007) developed a two dimensional physical small 
scale model to study the load transfer mechanisms onto the piles occurring in the 
granular fill and in the basal geosynthetic reinforcement. The model used two foams 
of different compressibility to simulate the soft soil and the sample was tested without 
reinforcement and with four different strengths o f geosynthetic. It was observed that 
the Efficacy for the un-reinforced case reached 0.43 while for the efficacy recorded 
for the stiffest reinforcement was 0.78, an increase o f 80%, Figure 2.16.
Experimental outputs were compared to results obtained on a numerical model using 
a plain strain continuum approach. It was found that the embankment fill material 
shear strength had the most important influence on the load transfer to the pile caps 
and surface settlement reduction up to a friction angle of 30° beyond which no
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considerable increase in efficacy or surface differential settlement reduction was 
observed. The dilatancy angle was not an important influential parameter.
Figure 2.16: Efficacy according to platform height (Jenck et al (2006)
2.4.17 The RAFAEL research programme 
The Renforcement des Assises Ferroviaires et Autoroutières contre les 
Affondrements Localisés -  reinforcement of railway and motorway foundations 
against localised subsidence (RAFAEL) research programme reported by Goure et al 
(1999), Villard et al (2000) and Blivet et al (2002) was instigated to determine the 
efficiency o f geosynthetic reinforced embankments over areas prone to subsidence, to 
establish the failure mechanisms and to provide test results on which a design method 
would be based.
In all the tests reported a circular void was created beneath an embankment by 
pumping out clay beads from cavities, a schematic o f the set up is presented in Figure 
2.17. Measurements were recorded of the strain and deformation in the geosynthetic, 
displacements within the fill material and surface settlements.
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It was observed that when the H/B ratio was 0.75 a stable arch formed and there were 
no measurable surface deflections, while for a H/B ratio o f 0.375 the fill completely 
collapsed onto the reinforcement. This is in agreement with the results presented by 
McNulty (1965) and Vianna & Bueno (2002).
Geotextile
Fill Embankment
Suction
Beads
Figure 2.17: Geometry o f  the motorway experiment (after Blivet et al, 2002)
In the experimental study reported by Blivet et al. (2002) it was found that if the 
depth of fill above the reinforcement, H, was small compared to the diameter of the 
cavity, (B), then subsidence would rise rapidly to the surface and lead to total 
collapse of the soil cylinder above the cavity. The surface deflection, ds, was then a 
function o f the stiffness of the geosynthetic, J, and the soil decompaction capacity 
(variable increase in the initial volume o f the soil due to dilation when the soil 
particles packing changes). The ratio between the dilated soil volume VSf and the 
initial soil volume prior to decompaction Vs was defined as the expansion coefficient: 
Ce = VSf/Vs. There are few experimental results available concerning the expansion 
coefficient Ce, but it was considered possible to obtain a coefficient Ce = 1.15 for fill 
materials (Blivet et al, 2002).
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Blivet et al (2002) found that by assuming the volume of surface subsidence and the 
volume freed by the membrane effect of the geosynthetic sheet were parabolas, it was 
possible to establish a relation between the surface settlement, ds, the maximum 
deflection in the geosynthetic, dg, the soil expansion coefficient Ce and the 
embankment height, H, Equation 2.7.
d s = d g -  2H(Ce -1 ) (2.7)
2.4.18 Potts & Zdravkovic (2008)
Potts & Zdravkovic (2008) reported on both experimental tests and numerical 
analysis on reinforced and unreinforced fill spanning voids. Two void shapes were 
examined, infinitely long voids and circular voids. It was suggested that the distance 
to the critical height was dependant on the shape o f the zone o f subsidence and it was 
found that for circular voids a height to void width ratio (H/D) less than 1.5 resulted 
in no stable arch forming, while for infinitely long voids this value was 3.0. 
Relationships between the embankment height, H, the critical height, Hc, and the 
width o f the void, D, are presented in Equation 2.8(a) for circular voids and 2.8(b) for 
infinitely long voids.
For circular voids, when H>1.5 D H c = 0.35 H  + 0.6D (2.8a)
For infinitely long voids, when H>3.0 D H c = 0.35H  + 1.2D (2.8b)
Empirical relationships were also derived based on the results o f a parametric study 
and it was proposed that the maximum depth o f the surface settlement trough ds for a 
non dilatant fill material could be obtained by Equation 2.9(a) for circular voids and 
2.9(b) for infinitely long voids.
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For circular voids, d_
d.
sin 35 I
sin <
0.23
H_
v O /
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For infinitely long voids, d_
d.
sin35
sin^
0.7 — 1 + 0.65 
D
(2.9b)
2.4.19 Low et al (1994)
Model tests and theoretical analysis were presented by Low et al (1994) which 
investigated the arching in piled embankments on soft ground supported by piles with 
cap beams and geotextiles. The cap beam and geotextile combination was found to 
alleviate much o f the uneven surface settlement that may occur with single pile caps. 
In the model tests sand was placed on simulated cap beams and soft ground. The 
loads on the cap beams and soft ground were recorded and compared with theoretical 
analysis based on equilibrium of semi cylindrical sand arches, similar to those of 
Hewlett and Randolph (1988), with the introduction of a parameter, a, to allow for 
the non uniform vertical stress on the soft ground, Figure 2.18.
Equivalent uniform stress a
T  ^a' = eie*
Cap Beam Soft ground Cap Beam
Figure 2.18: Analytical model: semi-cylindrical soil arches (after Low et al 1994)
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It was observed that, with a = 0.8, theoretical efficacies agreed well with the model 
test results. In a second series of model tests, a geotextile layer was laid on the cap 
beams and the soft ground prior to placement of sand. The model tests showed that 
the proportion of the fill load carried by cap beams, as indicated by efficacy, 
increased with the area ratio of the cap beams. The analytical solution showed that the 
stability of the soil in the crown of the arch was more critical than that above the cap 
beams. Hence it was stated that for embankments with cap beams, efficacy could be 
computed based on crown stability. The theoretical solution showed reasonable 
agreement with experimental results for cases with no geotextile, however it was not 
so for the case with geotextiles.
2.4.20 Abusharar et al (2009)
Abusharar et al (2009) presented a theoretical analysis, similar to that proposed by 
Low et al (1994), for the analysis o f an embankment of granular fill supported by a 
rectangular grid of piles and geosynthetic. The results o f this theoretical analysis were 
compared to current design methods and were found to be in good agreement with 
Low et al (1994). However it was shown that the results obtained using BS 8006 
(2010) and Guido methods (Jenner et al. 1998) were found to overpredict the stress 
acting on the geosynthetic and thus underestimate the efficiency and stress 
concentration ratio.
2.5 Summary on Experimental studies
A wide variety of experimental studies presented by different researchers have been 
described. The key parameters being considered in this study are the height o f the 
embankment, the strength and density of the fill material and the surface settlements 
in an unreinforced embankment. Although many o f these experimental studies do 
incorporate reinforcement the researchers also reported on unreinforced cases.
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2.5.1 Embankment height 
Many of the experimental studies described suggest that the embankment height is 
crucial to the formation of a stable arch within piled embankments and embankments 
over areas prone to subsidence. McNulty (1965), Viana & Bueno (2002), Blivet 
(2002) and Potts & Zdravkovic (2008) suggest that the critical height for a circular 
void, He = 1.5B, where B is the diameter o f the void; Potts & Zdravkovic (2008) also 
suggests a minimum value of He = 3.0B for infinitely long voids. Kempfert (2003) 
suggested that the critical height is half the centre to centre spacing o f the piles (s/2). 
A summary of the critical height as a function of the clear spacing between adjacent 
pile caps from the studies reported is presented in Table 2.1.
Table 2.1: Suggested critical heights from experimental studies
Experimental Research Hc
Terzaghi 2.5(s-a)
Hewlett & Randolph (1988) 1,4(s-a)
Horgan & Sarsby (2002) 1.545(s-a)-1.92(s-a)
Aslam & Ellis (2008) 2.0(s-a)
Chen (2007) 1.4(s-a) -  1.6(s-a)
Van Eekelen (2003) 2.08 (s-a)
2.5.2 Strength and dilatancy o f  the fi ll material 
Giroud et al (1990) observed that a dilatant soil would increase the horizontal stress 
level in the soil, and therefore increase the soil’s ability to form an arch. However it 
was found by Potts (2007) that varying the dilatancy o f the fill did not have any effect 
on the arching behaviour, but using a dilatant fill material caused significant 
reductions in the amount of surface settlement. Jenck et al. (2006 & 2007) found that 
the embankment fill shear strength had an important influence on the load transfer to 
the pile caps and surface settlement reduction. It was noted that efficacy increased 
considerably with friction angle up to a friction angle of 30° beyond which efficacy 
did not significantly increase.
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2.5.3 Surface differential settlements
The RAFAEL research programme and Potts (2008) measured surface deformation 
for the purpose of establishing a method to predict surface settlements in 
embankments over potential voids. Blivet (2002) studied circular voids and 
ascertained that only the cylinder of soil above the void was affected, while Potts 
(2007) reported on both circular voids and infinitely long voids.
2.5.4 Fill density
Only Sadrekarimi et al (2008) & (2010) comment on the effect o f density on the 
arching mechanism in granular fill. They found that sand density and trapdoor 
diameter were both dominant factors affecting the formation o f a stable arch. It was 
also found that for each thickness of sand mass and trap door diameter there is a 
relative density at above which ground surface settlement due to arching in the fill 
material becomes practically negligible.
2.6 Design Methods
Different soil arching models have been proposed and used in the design of piled 
embankments. These include the trench model, Marston and Anderson (1913), 
Terzaghi, (1943) and Russell et al. (2003), Figure 2.19(a); the two or three 
dimensional prism model, Carlsson (1987) and Schmertmann (1991) as shown in 
Figure 2.19(b); and the semi-spherical crown model, Hewlett and Randolph (1988), 
Naughton (2007), Kempfert et al., (2003) & BS 8006 (2010), as shown in Figure 
2.19(c). In most design methods, the resistance o f the underlying soft soil is ignored. 
Tensioned membrane theories are used to calculate the required tensile strength of the 
geosynthetic based on the allowable tensile strain (BS 8006, 1995). Han (1999) stated 
that the percentage coverage o f pile caps for most constructed projects ranged from 
10-30%. Demerdash (1996) also stated that the pile caps should occupy 11% of the 
area.
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Figure 2.19: Soil arch modelling
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2.6.1 Design method based on Terzaghi (1943)
Terzaghi (1943) defined arching effect as the transfer o f pressure from a yielding 
mass of soil onto an adjoining stationary soil mass. Terzaghi (1936) showed that 
when a trap door is lowered slightly, the pressure on the door decreases and the 
pressure on the adjoining soil mass increases, which is attributed to shearing stresses 
developed between the moving soil and the stationary soil. Terzaghi (1943) 
considered the equilibrium of a moving element and integrated through its depth z, 
Figure 2.20. Where the element has a thickness dh and weight dW
Ht *  V *
Figure 2.20: Stress state o f  a differential element (Terzaghi 1943)
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2.6.2 Design method based on Hewlett & Randolph (1988)
Hewlett and Randolph (1988) derived a theoretical solution for the arching action of 
free draining granular material above piles, based on observations from laboratory 
model tests on moist sand which were performed for different boundary conditions. 
They idealised the arching of granular fills in a piled embankment as a system of 
vaulted domes o f hemispherical shape supported on diagonally opposite pile caps, 
Figure 2.21.
Based on these observations Hewlett and Randolph (1988) considered the limiting 
equilibrium o f stresses in a curved region o f sand between adjacent pile caps for 
plane strain conditions. The overall principal behind the Hewlett and Randolph 
analysis was that arches of sand shed the uniform overburden o f the embankment 
onto the pile caps and that the infilling sand beneath the arch offers no support or 
counter pressure and that pore pressure was zero so therefore the effective stresses 
were equal in the analysis.
Embankment
Figure 2.21: The vaulted domes idealisation (after Hewlett and Randolph, 1988)
Hewlett and Randolph (1988) considered most o f the load above the crown 
transferred onto the support through the crown. In the Hewlett and Randolph study, 
there were two zones on the arch considered critical, at the crown and at the pile cap.
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The authors stated that the lower of the two efficacies’ estimated at these locations 
should be used in the design process.
2.6.3 BS8006, (2010) design Approach
The British Standard “Code of Practice for strengthened reinforced soils and other 
fills” has adopted an empirical method originally developed by Jones et al. (1990), 
which was based on Marston’s equation for positively projecting conduits. In the 
BS8006 method the stress concentration on the piles and consequently the stress 
remaining to be carried by the geosynthetic, depends on the pile type and the pile 
support condition. The British Standard identified a critical height, Figure 2.22, 
concept whereby the depth of fill was sufficient for the full arch to be deemed to have 
developed and any additional overburden or surcharge loads do not influence the 
tensioned membrane, but distribute to the boundary supports, i.e. the pile caps. The 
fill depth was commonly expressed in terms o f the clear span dimension, as a ratio of 
depth to span, where H>1.4 (s-a) was adopted.
Embankment
Figure 2.22: Variables used in determination o f  Trp, (BS 8006:1995)
BS8006 (2010) was based on work by Jones et al. (1990), to determine the vertical 
pressure acting on the top of the pile caps due to presence of soil arching. Modelling 
o f different deformation due to the relative stiffness o f the piles in turn was based on
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Marston’s formula (Marston et al., 1913), since end bearing piles are generally stiffer 
and attract more vertical load. Marston’s work related to the stress variance on buried 
rigid pipes. This provided the ratio of vertical stress on pile caps to average stress at 
embankment base. Having established the proportion of the vertical stress acting 
across the pile caps the remainder of the vertical load exerted an average uniformly 
distributed load on the geosynthetic reinforcement, Wt, with plain strain conditions 
assumed whereby the boundary supports are a continuous strip and partial load 
factors are ignored, W j is given by the equations 2.15 and 2.16.
For full arching, H>1.4 (s-a),
For partial arching, 0.7(s-a)<H>(1.4(s-a),
(2.16)
where: y = Unit weight of fill
H = Embankment Height
s = Pile spacing
a = Pile cap size
p - Surcharge load
p’c = Vertical stress on pile caps
o ’v = Average stress at base o f embankment
BS8006 (2010) also incorporates the design method based on Hewlett and Randolph 
(1988) outlined above.
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2.6.4 Design method based on Carlsson (1987)
Carlsson (1987) presented, in Swedish, a method for calculating the vertical pressure 
on geosynthetic reinforcement in bridging layers. This method was discussed in 
English by Rogbeck et al. (1998) and Horgan and Sarsby (2002). The Carlsson 
Method considered a wedge of soil with a cross sectional area under the arching soil 
that can be approximated by a wedge with an internal angle at the apex of 30 degrees, 
Figure 2.23.
Like BS 8006 (2010) the Carlsson method adopted a critical height approach such 
that any additional overburden above the top of the wedge was transferred directly to 
the piles. Carlsson (1987) considered the weight o f the soil wedge to be acting across 
the deflected length of the geosynthetic membrane rather than across the horizontal 
clear span.
Figure 2.23: Soil wedge influencing the reinforcement (after Carlsson, 1987)
2.6.5 Design method based on Jenner et al. (1998)
Jenner et al. (1998) reinterpreted the work of Guido et al. (1987), on the results of 
plate loading tests on samples of geogrid reinforced sand in a confined rigid box. 
However Bell et al. (1994), Maddison et al. (1996) and Jenner et al. (1998) have all
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applied this concept to the design o f piled embankments to promote enhanced 
arching. Jenner et al. (1998) suggested the purpose of the multi layers o f geogrids was 
to enhance the transfer of vertical loading and to mobilise the maximum shear 
strength o f the granular fill to distribute the imposed loads efficiently and evenly into 
the piles and that some support to the fill beneath the developed arch will always be 
provided by the underlying soil.
Jenner et al. (1998) suggested two different ways o f designing the reinforcement,
1. Tensioned membrane approach
2. Enhanced Arching approach
The authors identified a critical height or thickness above the piles which ensured that 
the arch was always loaded. This equated to a minimum height o f fill above the load 
transfer platform of at least the platform thickness or one times the clear span 
between the supports, Figure 2.24. Jenner et al., (1998) assumed plain strain 
conditions and considered a triangular zone of influence projecting up at an angle of 
45° form the boundary edge. This method was updated further by Collin et al. (2004).
Bnbankmerl Fill
r
Minimal thidm(ss= 
platfom thickness
Figure 2.24: Enhanced arching approach (after Jenner et al. 1998)
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2.6.6 Design method presented by Russell et al. (2003)
Russell et al. (2003) developed a new design method for piled embankments based on 
results o f a numerical study. The design method divides the reinforcement into two 
types; primary reinforcement, which spans directly between the pile caps and is of 
limited width, and secondary reinforcement, which covers the entire piled area. It was 
found that by dividing the reinforcement a more economic design was achieved as the 
primary reinforcement carried the concentrated loads at the pile caps and the 
secondary reinforcement transferred the fill loads to the primary reinforcement
It was recommended that a design philosophy in accordance with BS 8006 (2010) 
using partial factors be adopted. The new design method allowed the subsoil to carry 
a portion o f the load of the embankment. The magnitude o f this support was 
estimated from compatibility check on the deformations o f the reinforcement and of 
the subsoil. When calculating the stress at the base o f the embankment the authors 
suggested that a square grid piles at spacing, s, should be considered. Figure 2.25 
shows the plan of a unit cell and the soil between the piles in this area was assumed to 
be yielding as shown in Figure 2.26, Russell et al., 2003.
Figure 2.25: Plan view o f  a unit cell Figure 2.26: Three-dimensional
view o f  yielding block
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2.7 Summary
A review of the various experimental models available to quantify the vertical stress 
redistribution occurring due to arching in granular soils has been presented. The 
results o f experimental trapdoor tests were investigated to appreciate the physical 
conditions affecting the arching mechanism. It has been identified that the ratio of 
clear spacing to height of fill and the strength, dilatancy and density of the fill 
material may be significant controlling parameters.
Piled embankment design methods are either empirical, based on the results of 
experimental tests, or analytical. However analytical methods involve the following 
assumptions;
i. The foundation soil between the pile caps offers no support to the 
embankment loading
ii. A two step approach in which the arching action is de-coupled from the 
structural behaviour o f the geosynthetic reinforcement.
To date, there is limited consideration given to whether the arching mechanism is 
affected by the density and hence the strength and dilatancy of the fill material. Also 
the location o f the critical height stated by the various design methods falls within a 
large range, 1.4(s-a) to 2.5(s-a), therefore these became the main focuses o f this 
study.
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Chapter 3
Engineering properties of the sand used in
experimental study
3.1 Introduction
Three different sands were selected for use in the experimental programme in this 
study. The engineering properties, dilatancy, shear strength and density o f the 
selected sands were established in accordance with BS 1377 (1990) while the 
particle size and shape was estimated from Krumbein and Sloss (1963). The test 
methods and the results obtained along with visual descriptions o f the three sands 
are set out in this chapter.
3.2 Selected Materials
To investigate whether the properties o f the fill material influenced the arching 
phenomenon it was necessary to select sands with different characteristics for use 
in the experimental study. The three sands employed in this study came from three 
different locations in Ireland. The first (termed Sand A) was a well graded, sub- 
rounded, gravely sand from a quarry in Cookstown, Co. Tyrone. The second 
(termed Sand B) was uniformly graded, rounded, medium sand which was 
recovered from excavations (close to the ocean) at Ballyshannon, Co. Donegal. 
The third (termed Sand C) was well graded, angular sand from a quarry in 
Strabane, Co Tyrone.
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These sands were photographed using a scanning electron microscope (SEM) at 
75X magnification, Plate 3.1. They were also photographed using a camera 
mounted on a microscope at 50X magnification, Plate 3.2. It was noticed from the 
image o f Sand B that the tiny holes in the particle have been eroded which is usual 
o f this type o f sand.
Sand A Sand B Sand C
Plate 3.1: Scanning Electron Microscope o f  sands selected.
Sand A Sand B Sand C
Plate 3.2: Microscopic images o f  sands selected.
3.2.1 Particle shape o f  the sands selected in this study 
There are two important scales in particle shape examined in this study, 
Sphericity, S, and Roundness, R, (Cho et al 2006). These scales are defined as 
follows;
Sphericity, S, refers to the global form o f the particle and reflects the 
similarity between the particles length, height and width. Sphericity can be 
quantified as the diameter o f the largest inscribed sphere relative to the 
smallest circumscribed sphere.
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Roundness, R, describes the scale o f major surface features which are 
typically 1 order o f magnitude smaller than the particle size. Roundness is 
quantified as the average radius o f curvature o f surface features relative to 
the radius o f the maximum sphere that can be inscribed in the particle.
The conventional evaluation o f Sphericity and Roundness in the form of 
dimensionless parameters are presented in Figure 3.1 (Krumbein and Sloss, 1963).
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Figure 3.1: Comparison chart fo r  estimating sphericity, S, and roundness, R, o f  
sand-sized grains, (adopted from  Krumbein and Sloss, 1963)
It was proposed by Folk (1955) and Barrett (1980) that sphericity and roundness 
can be effectively characterized by visual comparison with charts. Cho et al. 
(2006) reported on a comparative study to evaluate operator variability in the 
determination o f  R and S and found that operator variability was lower than shape 
variability among particles in most sands, with the variation in R and S smaller 
than 0.1.
In this study, sphericity and roundness were determined by observing individual 
grains through a microscope (Nikon Alphaphot-2, YS2) and comparing the 
observed geometry against the two dimensional (2D) figures given in Figure 3.1. 
Base tilting and turning grains helped to identify the third dimension, the reported
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roundness reflects the most eccentric cross section. This procedure was repeated 
for 30 grains o f  size «D50, and the average values for each o f the test sands are 
documented in Table 3.1.
Table 3.1: Particle Shape information fo r  sands examined in this study
Sand Sphericity, S Roundness, R Regularity, s
A 0.5 0.2 0.35
B 0.9 0.6 0.75
C 0.7 0.1 0.6
3.3 Classification Tests
Laboratory tests were undertaken on the three sands examined in this study to 
establish the classification o f the material. These tests were carried out in 
accordance with BS1377: Parts 2 & 4 (1990).
3.3.1 Particle size distribution
A particle size distribution was determined from a dry sieving analysis (BS1377- 
2:1990:9.3). The gradation curves for the three sands are presented in Figure 3.2. 
The classification and gradation characteristics for the three sands examined are 
also set out in Table 3.2.
Sands A and C were found to be well graded while Sand B was found to be 
uniformly graded. The coefficient o f uniformity (Cu) and coefficient o f curvature 
(Cz), in accordance with the unified classification system ASTM D-2487, were 
calculated using equations 3.1 and 3.2.
C  —  A o  
c u ~  / D ,10
C. = (Ao)2 
(Aox Ao)
{3.1)
(3.2)
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The higher the value o f the coefficient o f uniformity the larger the range o f 
particle sizes in the soil (Craig, 1997).
jM e d iu r r  C o a rse F ine M edium C o arse F ine M ed iu m C o a rse  1
SIL T SA N D GRAV EL "  *1
Figure 3.2: Particle Size Distribution o f  the three sands examined in this study
Table 3.2: Gradation and classification characteristics o f  the three sands
examined in this study
Sand A B C
Dio (mm) 0.075 0.12 0.145
D39 (mm) 0.157 0.14 0.3
Dò# (mm) 0.340 0.16 0.9
c„ 4.53 1.33 6.21
c z 0.966 1.02 0.689
Classification
Well graded, Uniformly graded, Well graded,
sub-angular sand rounded sand angular sand
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3.3.2 Particle density test 
Specific gravity, Gs, is the ratio o f the mass o f dry particles to the mass o f water 
displaced. The particle density o f the test sands used in the experimental model 
were determined using the small pyknometer method (BS1377-2:1990:8.3). The 
presence o f particles consisting o f various minerals will result in a different value 
usually between 2.60 and 2.80 for sands (Bell, 2000). The specific gravity 
obtained for the three sands examined in this study are presented in Table 3.3 and 
show that the specific gravity varies from 2.660 for Sand B to 2.717 for Sand C.
Table 3.3: Specific gravity o f  the three sands examined in this study.
Sand A B C
Specific Gravity (Gs) 2.688 2.660 2.717
3.3.3 Maximum and Minimum Void Ratios 
The amount o f void space within a soil has an important affect on its 
characteristics. Two expressions are used to provide a measure o f the void space -  
namely voids ratio and porosity. Voids ratio is used as an index for assessment o f 
the density index for sand. Tests for the determination o f maximum and minimum 
dry densities for granular soils were carried out in accordance with BS1377- 
4:1990:4, for the maximum density test the soil was compacted under water in a 
11 mould with a vibrating hammer, while for the minimum density the dry sand 
was shaken in a glass cylinder and allowed to fall freely, thereby entrapping air 
and forming a grain structure enclosing the maximum possible volume o f voids. 
The limiting densities and void ratios expressed in terms of mean ± standard 
deviation are presented in Table 3.4.
The maximum and minimum void ratio for Sands A and C were similar, Table 
3.4. The minimum void ratio for these two sands was low indicating that these 
sands compact relatively well as both are well graded with a variation o f  particle 
sizes. The minimum void ratio for Sand B was significantly higher than those for 
Sands A and C as this sand was uniformly graded. Due to a lack o f fines in Sand
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B, a higher value of minimum void ratio was recorded compared with Sands A 
and C.
Table 3.4: Limiting densities and void ratios o f  the test sands examined in this
study
Sand Pi), max
(Mg/m3)
Cmin Pl),min
(Mg/m3)
®max
A 2.0 0.22±0.01 1.3 0.58±0.04
B 1.9 0.39±0.006 1.4 0.84±0.01
C 1.92 0.16±0.009 1.33 0.61±0.03
3.4 Mechanical properties
The angle o f shearing resistance of granular material depends on many factors 
including the mineral composition, angularity, shape, texture and size o f grains, 
also the overall grading characteristics and state o f compaction o f the material 
(Dermerdash, 1996). The shear strength parameters o f sand can be determined 
using several methods such as the direct shear box, simple shear, ring shear 
apparatus and triaxial testing devices. The triaxial test although generally regarded 
as a better test than the direct shear method, suffers from difficulties preparing dry 
samples and achieving sample densities (Dermerdash, 1996); therefore the shear 
box apparatus was selected in the present study to determine the angles o f friction 
and dilatancy o f the three sands examined.
3.4.1 Shear Strength 
Shear box tests with internal dimensions o f 60mm x 60mm x 50mm were 
performed, on representative samples o f the three sands, in accordance with 
BS1377: Part 7:1990:4 under increasing normal loads ranging from 6.13 to 
368kPa. The purpose o f the lower normal loads (6.13 - 24.525kPa) was to 
replicate similar normal loads to those which would be achieved in the 
experimental model. The samples were tested at two sample densities which were
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within the range o f densities achieved using the air pluviator used to prepare the 
experimental samples and which is documented in Chapter 4. The samples were 
sheared at 2mm per minute and readings were recorded at 30 second intervals.
The resolution o f the shear box dial gauges and the dial gauge factors used in this 
test programme are presented in Table 3.5.
Table 3.5: Dial gauge factors and resolution used in the Shear box tests.
Dial gauge factors Resolution
Horizontal displacement O.Olmm/div 0.01mm
Vertical displacement 0.002mm/div 0.002mm
Load 0.0028 kN/div 0.0028 kN
Samples were formed in the shear box using a dry raining technique. The sand 
was let fall through a 2mm BS sieve to form a sample in its loosest state. The 
density o f the sand could then be increased using a combination o f tamping and 
tapping the side o f the box and measurement o f the sample height until a target 
density was achieved. The sample densities, p, achieved for Sands A, B and C 
with the corresponding voids ratios, e, and density indexes, Id, are presented in 
Table 3.6, 3.7 and 3.8 respectively.
Typical shear stress -  horizontal displacement test data from the shear box tests 
carried out on Sands A, B and C at a normal stresses o f 375kPa are shown in 
Figures 3.3 to 3.7. Test results for other confining stresses are shown in Appendix 
A.
The peak and constant value strengths o f Sands A, B & C were determined from 
the shear stress -  horizontal displacements. The peak strength was taken as the 
maximum shear strength reached during a test, with the constant value determined 
as a representative value o f the post peak constant value shear strength. The point 
o f  peak strength occurred at approximately the same displacement (2mm - 5mm) 
as the maximum rate o f dilation, Figures 3.3, 3.5 & 3.7 for Sands A, B and C
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respectively, as the sand, after reaching peak strength, weakens as particles re­
orientated.
Table 3.6: Sample Densities, voids ratios & density indices o f  Sand A
Medium Dense
Normal Stress P>
Mg/m3
e Id
P>
Mg/m3
e Id
6.1 1.95 0.378 0.563 2.08 0.292 0.802
12.3 1.93 0.393 0.523 2.09 0.286 0.819
24.5 1.93 0.393 0.523 2.085 0.289 0.811
125 1.94 0.386 0.543 2.095 0.283 0.828
250 1.96 0.371 0.582 2.065 0.302 0.776
375 1.95 0.378 0.563 2.085 0.289 0.811
Mean ± SD
1.943 0.383 0.549 2.083 0.29 0.808
±0.012 ±0.009 ±0.024 ±0.010 ±0.006 ±0.017
Table 3 .7: Sample Densities, voids ratios & density indices o f  Sand B
Loose Dense
Normal Stress
P>
Mg/m3
e Id
P>
Mg/m3
e Id
6.1 1.545 0.722 0.263 1.77 0.503 0.749
12.3 1.54 0.727 0.251 1.76 0.511 0.730
24.5 1.52 0.750 0.200 1.765 0.507 0.740
125 1.51 0.762 0.174 1.775 0.499 0.759
250 1.51 0.762 0.174 1.78 0.494 0.768
375 1.53 0.739 0.225 1.775 0.499 0.759
Mean ± SD
1.526 0.743 0.215 1.771 0.502 0.751
±0.015 ±0.017 ±0.038 ±0.007 ±0.006 ±0.014
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Table 3.8: Sample Densities, voids ratios & density indices o f  Sand C
Medium Very Dense
Normal Stress P>
Mg/m3
E I d
P>
Mg/m3
e I d
6.1 2.05 0.325 0.633 2.222 0.223 0.861
12.3 2.06 0.319 0.647 2.23 0.218 0.870
24.5 2.055 0.322 0.640 2.21 0.229 0.846
125 2.05 0.325 0.633 2.228 0.219 0.868
250 2.05 0.325 0.633 2.211 0.229 0.847
375 2.045 0.329 0.625 2.226 0.221 0.865
Mean ± SD
2.05 0.324 0.635 2.221 0.223 0.859
±0.005 ±0.003 ±0.007 ±0.009 ±0.005 ±0.011
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The angle o f dilation for Sands A, B & C were obtained from Figures 3.4, 3.6 &
3.8 respectively by determining the slope o f the curve at the point o f the 
maximum rate o f dilation. The values obtained from the tests carried out over 
three different normal stresses are presented in Tables 3.9, 3.11 & 3.13 for sands 
A, B & C respectively. It was noted for all three sands that at lower normal 
stresses (<25kPa) no dilation o f the sand was observed.
Table 3.9: Angle o f  dilation if/ o f  Sand A
Angle of dilation \|/ (degrees)
Normal Stress (kPa) Loose Dense
6.1 0.0 0.0
12.3 0.0 0.0
24.5 0.0 0.0
125 0.57 4.6
250 1.21 9.1
375 1.34 12.4
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Figure 3.5: Stress displacement curves fo r  Sand B at normal stress o f 3 75kPa.
Horizontal Displacement 8h (mm)
Figure 3.6: Dilatancy behaviour curves fo r  Sand B at normal stress o f 3 75kPa
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Table 3.10: Angle o f  dilation y/ o f  Sand B
Angle of dilation y  (degrees)
Normal Stress (kPa) Loose Dense
6.1 0.0 0.0
12.3 0.0 0.0
24.5 0.0 0.0
125 2.29 10.21
250 0.23 10.38
375 2.29 11.51
The Mohr-Coulomb failure envelopes for each o f the samples o f Sands A, B and 
C tested, pertaining to the peak and critical state strength, allowed the peak and 
critical state angles o f friction to be obtained by determining the slope o f the 
respective failure envelope. The values obtained for the critical and peak angles 
are shown in Table 3.14 for Sand A, Table 3.15 for Sand B and Table 3.16 for 
Sand C.
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Table 3.11: Angle o f  dilation y /o f Sand C
Angle of dilation \|/ (degrees)
Normal Stress (kPa) Loose Dense
6.1 0.0 0.0
12.3 0.0 0.0
24.5 0.0 0.75
125 3.24 12.41
250 1.11 11.31
375 3.87 12.41
The Mohr-Coulomb failure envelopes for Sands A, B and C, pertaining to peak 
and critical state strengths are shown in Figures 3.10, 3.11 & 3.12 respectively, 
along with the mean internal angles o f  friction for the three test sands. No 
cohesion was observed on any o f the sands examined in this study.
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Figure 3.9: Normal stress to shear stress showing Mohr-Coulomb failure
envelope, Sand A
Figure 3.10: Normal stress to shear stress showing Mohr-Coulomb failure
envelope, Sand B
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Figure 3.11: Normal stress to shear stress showing Mohr-Coulomb failure
envelope, Sand C
Table 3.12: Critical and Peak angles offriction o f  Sand A at each normal stress
Critical angle of friction <|>cv 
(degrees)
Peak angle of friction <j>p 
(degrees)
Normal 
Stress (kPa)
Medium Dense Dense
6.1 40.3 39.8 46.6
12.3 39.7 38.5 48.0
24.5 38.7 38.7 47.6
125 40.9 40.9 48.2
250 35.6 35.6 44.3
375 38.3 38.4 47.1
Mean 39°±1.89 39°±1.78 47°±1.43
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Table 3.13: Critical and Peak angles offriction o f  Sand B
Critical angle of friction <j>cv 
(degrees)
Peak angle of friction <|>p 
(degrees)
Normal 
Stress (kPa)
Loose Dense Dense
6.1 36.2 36.2 43.2
12.3 36.2 36.2 44.2
24.5 37.1 37.0 43.0
125 36.3 36.3 45.3
250 35.0 35.4 43.6
375 33.4 33.4 42.3
Mean 36°±1.31 36°±1.26 44°±1.04
Table 3.14: Critical and Peak angles offriction o f  Sand C
Critical angle of friction <t>cv 
(degrees)
Peak angle of friction 4>p 
(degrees)
Normal Stress 
(kPa)
Medium Very Dense Very Dense
6.1 40.2 40.2 47.4
12.3 39.5 39.5 49.7
24.5 41.3 40.2 51.0
125 39.3 39.3 49.7
250 40.1 41.0 50.5
375 39.6 39.6 47.4
Mean 40°±0.73 40°±0.63 49°±1.54
3.4.2 Angles o f  Shearing and Dilation
The angles o f dilation for the test sands ranged from 0° to 12° approximately. 
Bolton (1986) stress dilatancy theory was used to examine the relationship that 
exists between the peak and critical state angles o f  friction and the angle o f 
dilation.
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This relationship is presented in Table 3.15 for the test sands investigated within 
this study.
Table 3.15: </>’-tj)’crit relationship fo r  test sands
(degrees)
flcv
(degrees)
ip*
(degrees)
Sand A 47 39 9.8 0.82yj
Sand B 44 36 10 0.8 yt
Sand C 49 40 11 0.82 y/
*from experimental data
3.5 Sum m ary
Three sands were examined in this study, Sands A, B and C. These sands were 
tested in accordance with BS1377; 1990 to determine their engineering 
characteristics, which are summarised in Table 3.16. Sand A classified as a well 
graded, sub-rounded sand; Sand B is a rounded sand with uniform gradation and 
Sand C is a well graded angular sand.
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Table 3.16: Unit Characteristics fo r  three sands examined
Sand A B C
c „ 4.53 1.33 6.21
Cc 0.966 1.02 0.689
•j* peak 47° 44° 49°
<i> cv 39° 36° 40°
V max 9.8° ± 0 .58 10° ± 1.4 11.1° ± 0.73
Particle Density 
(ps)
2.688 2.660 2.717
Maximum Void 
Ratio (emax)
0.58±0.04 0.84±0.01 0.61 ±0.03
Minimum Void 
Ratio (emin)
0.22±0.01 0.39±0.006 0.16±0.009
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Chapter 4
Design of Apparatus & Experimental
Procedures
4.1 Introduction
The complexity o f traffic loading, non homogeneity in ground conditions 
combined with an inherently three-dimensional geometry makes a full scale piled 
embankment an extremely difficult problem to analyse.
A three dimensional reduced scale physical model was designed and constructed 
as part o f this study. A possible worst case scenario for the design o f piled 
embankments (i.e. without the incorporation o f a geosynthetic) was adopted 
which negated the presence o f subgrade support, therefore only the load resulting 
from arching in the sand samples was transferred to the pile caps. The adoption of 
this scenario was considered suitable and enabled the basic load and displacement 
mechanisms to be investigated.
4.2 Design o f  laboratory model
A geometrical scale factor o f 3 was used to model a centrically located unit cell o f 
a piled embankment system. This factor was decided upon so as to construct a 
workable size model while minimising the effect o f scale errors on the data 
recorded. A square grid was adopted for the piles with centre line spacing o f 1 
metre. This value corresponds to 3.0m centre to centre pile spacing which is 
typical grid spacing adopted in practice.
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In the classical trapdoor problem the arching action in a granular soil can be 
mobilised in either o f two ways; (a) the passive mode and (b) the active mode. In 
the passive mode the trapdoor movement is upward into the soil mass; a 
downward movement is associated with the active mode.
The importance o f the mode of action inducing the arching in the fill was 
investigated by Tanaka et al (1993), who concluded that the presence o f 
progressive failure in the sand mass due to arching in the active mode was not 
sufficient to introduce any appreciable scale effects. Consequently the arching 
action involved in the piled embankment problem can be reproduced adequately 
at reduced geometrical scale. The model designed for this study was based on the 
active mode, with a conventional trap-door element to induce differential 
settlement at the base o f the embankment.
4.3 M odel Size
For a successful laboratory investigation physical models o f geotechnical 
structures must be constructed o f a size that involves volumes o f fill which can be 
placed and removed in a reasonable time span. The model must also be o f a size 
which permits adequate instrumentation without significant interference o f 
instrumentation with expected behaviour o f the model (Dermerdash 1996). 
Models which are too small are subject to amplified experimental errors, scale 
effects and are difficult to reliably relate to full-scale structures. On the other hand 
models which are too large may involve volumes o f materials exceeding the 
handling capacity o f available laboratory equipment and can be difficult to 
construct, (Dermerdash 1996). The physical dimensions o f the model piled 
embankment were chosen to maximise use o f the fill placement method available.
The experimental model developed had a fixed height o f  1,0m and, by the use o f 
varied pile cap sizes, allowed the investigation o f the plane o f  equal settlement 
over the full range o f predicted values, 1.4(s-a) to 2.5(s-a). The plane o f equal
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settlement is the surface at which no relative movement exists and was previously 
discussed in Chapter 2.
4.3.1 Friction
To completely negate the influence of friction along the side walls o f the model, a 
three by three pile section o f a piled embankment ideally would have been 
investigated where the centre unit cell is monitored (as per the centrifuge tests 
carried out by Aslam & Ellis 2008). However, to simulate this in the laboratory it 
would have resulted in the model size being extremely large if  the scale factor was 
to remain at 1:3 or the introduction o f possible scale errors if  the model size was 
reduced. Therefore, it was necessary to quantify and where possible to reduce the 
friction between the fill material and the side walls o f the model.
Direct shear tests were carried out at confining stresses ranging from 6.13 -  
24.5kPa to simulate the lateral stress distribution on the side o f  the model. Various 
experimental arrangements were investigated incorporating different friction 
reducing techniques such as plastic lining, laminated wood and smooth painted 
surface, used by previous researchers, (Aslam and Ellis, 2008, Huat and Ali, 1994 
and Dermerdash, 1996). For these tests the ply-wood with its friction reducing 
technique was placed in the bottom half o f the split box o f the 60x60mm shear 
box apparatus. The sand was then rained into the top half to the desired density 
and was sheared at a rate o f 2mm/min.
The results o f these tests are presented in Tables 4.1, 4.2 and 4.3 for sands A, B, 
and C respectively. A graphical representation o f the Mohr-Coulomb failure 
envelopes for Sand A (dense) is presented in Figure 4.1 and those for Sands B and 
C are presented in Appendix A.
As the material arrangement in the full model is sand against ply-wood, having an 
angle o f internal friction o f 40° for Sand A, the results indicate that the addition o f 
the smoothing techniques had little effect on the reduction o f the side friction 
within the experimental model with the maximum reduction recorded being 4° for
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the Plastic -  Petroleum Jelly -  Plastic tests. For this reason the effort required to 
introduce this to the model and the increased difficulty in sample placement after 
its inclusion was considered to be of little value.
Table 4.1: Angles offriction recorded fo r  Sand A
Sand A 
only
Sand A & 
Ply
Sand A & 
P/P*
Sand A & 
P/PJ/Pt
Sand A & 
Lam*
Sand A & 
Paint
<I>p
44° 40°
O00m 37° 3 9 ° 39°
<t>cv 39° 34° 33° 32° 33° 33°
* P/P -  Plastic against Plastic T P/PJ/P -  Plastic -  Petroleum Jelly -  Plastic 1 LAM -  Laminate
Table 4.2: Angles offriction recorded fo r  Sand B
Sand B 
only
Sand B & 
Ply
Sand B & 
P/P*
Sand B & 
P/PJ/Pf
Sand B & 
Lam*
Sand B & 
Paint
<t>P
43° 40° 37° 36° 38° 39°
4*cv 36° 30° 28° 27° 29° 30°
* P/P -  Plastic against Plastic + P/PJ/P -  Plastic -  Petroleum Jelly -  Plastic *LAM -  Laminate
Table 4.3: Angles o ffriction recorded fo r  Sand C
Sand C 
only
Sand C & 
Ply
Sand C &
PI p*
Sand C & 
P/PJ/P*
Sand C & 
Lam*
Sand C & 
Paint
<t>P 4^ 00 o 43° 41° 3 9 °
OO OO
(|)cv oo 37° 35° 33° 35° 35°
* P/P -  Plastic against Plastic f P/PJ/P -  Piastic -  Petroleum Jelly -  Plastic 1LAM — Laminate
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Figure 4.1: Normal stress to shear stress showing Mohr-Coulomb failure
envelope, Sand A, dense
4.4 The Apparatus
The test apparatus, Plate 4.1 and Figure 4.2, was designed to fulfil the following 
general requirements:
i. The test box was to be rigid and stiff to prevent any lateral deformation of 
the walls during tests,
ii. The test box was required to be o f sufficient height to enable testing o f  
varied sample sizes for the investigation o f various height to clear spacing 
ratios,
iii. The test box was required to have a movable base to simulate yielding 
subgrade, in the active mode.
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Plate 4.1: Set up o f  Experimental Apparatus
4.4.1 The Experimental Model
The experimental model was constructed from 25mm thick plywood sheets to 
give internal dimensions o f 1000x1000x1000mm, Figure 4.2. The walls o f the 
model were connected at the comers with 6mm thick angle steel and bolted in 
place with 20mm flat head bolts. The test box was supported by four legs 
constructed from 100x100mm timber joists to give a clear height o f 500mm from 
the laboratory floor.
4.4.2 The movable base
The use o f a movable base was adopted in the laboratory model to simulate 
yielding subsoil conditions, Figure 4.3. The movable base was designed so that it 
could be released in a controlled manner either rapidly or gradually. Rapid release 
was to simulate arching over a sudden void or rapid consolidation o f the soft 
subsoil in a piled embankment, while gradual release was to simulate the 
consolidation o f  the soil beneath an embankment.
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Internal dimensions
Figure 4.2: Set up o f  Experimental Apparatus
10 00mm
280mm !• t
location of load cell 
(positioned under pii e cap)
440mm
280mm-I
B
Bo00CN
Figure 4.3: Movable cruciform base/pile caps
The movable bases comprised o f a stiffened plywood platform o f cruciform 
shape. The base was stiffened using 6mm angle steel connected to the base o f the 
cruciform. The base was lowered using a hand operated hydraulic trolley jack 
placed at the centre o f the movable base. As the hydraulic jack was hand operated 
it was difficult to keep the base displacement rate constant between all the 
experimental tests carried out, however, the rate o f base displacement was 
constant for each individual test. It was observed that the rate o f base
-70-
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displacement was somewhat dependant on the weight o f sand above the moveable 
cruciform base. The rate o f base displacement ranged from 12mm/s - 14mm/s in 
the rapid release tests and 1 mm/sec -  4mm/s for the slow release tests.
4.4.3 The pile caps
The pile caps were simulated in the model by four blocks o f plywood, 0.28mm 
square, supported by rigid shelves built onto the legs o f the apparatus. This value 
corresponds to a pile cap size o f approximately 1.6m2 which is a typical sizing for 
an unreinforced piled embankment adopted in practice, (Reid and Buchanan, 
1988). Load cells were located between the pile caps and the rigid shelves to 
obtain the following measurements:
i. The net load per pile cap at the beginning o f each test.
ii. The average vertical stress acting on the pile cap after lowering the 
movable base.
4.4.4 Sample Formation
An air pluviation technique similar to that developed by Schnaid (1990) was used 
for placing o f the sand samples to obtain repeatable homogeneous samples. Rad 
and Tumay (1987) performed a series o f tests to investigate the factors affecting 
sand specimen preparation using a perforated plate method. The size and pattern 
o f the specifications o f the perforated plate and the height o f fall were identified 
as two variables most affecting the relative density o f the sand deposit.
Rad and Tumay (1987) stated that there was a critical height o f fall above which 
any increase in height has no effect on the density. Beyond this height the density 
o f the sand deposit was affected solely by the intensity o f the sand flow. If the 
height o f fall was controlled, some mechanism for lifting the hopper as the sample 
was formed would have to be constructed. This would be extremely difficult when 
placing sample heights o f 1.0 m, so the distance between the diffuser sieves and 
the top o f the sample was fixed at a minimum o f 750mm which was above the 
critical height o f  fall for the three sands examined, Figure 4.4.
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Figure 4.4: Airpluviation apparatus
The different densities were achieved using a combination o f different shutter 
plates and diffuser sieves. Dense samples were formed by passing the sand 
through a shutter plate with 6mm holes on an 80mm triangular grid and two 
diffuser sieves with an aperture size o f 6mm located 150mm and 250mm 
respectively below the shutter plates. Samples o f medium density were formed by 
passing the sand through a shutter plate with 20mm holes on an 80mm triangular 
grid and one o f  the diffuser sieves located 150mm below the shutter plate. Finally 
loose samples were formed using the same shutter plate as for the medium 
samples but omitting the diffuser sieves. The samples were formed to the desired 
sample height in a number o f lifts o f approximately 180mm each.
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The densities within the model were measured by direct sampling methods during 
the formation o f each sample. Thin walled containers 75mm in diameter with a 
height o f 40mm were placed in the model at various locations close to the centre 
o f the apparatus and close to the side walls. When the sand had been placed after 
each lift these containers were carefully removed and weighed to determine the 
density. The range o f measured densities expressed in terms o f void ratio and 
relative density are presented in Table 4.4 for Sand A, Table 4.5 for Sand B and 
Table 4.6 for Sand C. The mean values for sample densities achieved are shown in 
Table 4.7. Good repeatability o f the values o f relative density over the full height 
o f the samples was observed for the ranges o f densities tested with standard 
deviations from the mean o f between 0.006 and 0.34 for all three sands. These 
presented in Figure 4.5, 4.6 and 4.7 for Sands A, B and C respectively.
Table 4.4: Range o f  measured values achieved using the Air pluviator, Sand A
Range of measured values
Shutter
Arrangement
Maximum Minimum
P
(Mg/m3)
Id e
P
(Mg/m3)
Id e
S.P. (6mm) + 2 x S 2.095 0.828 0.28 2.065 0.776 0.30
S.P. (20mm)+ 1 x S 2.016 0.688 0.33 1.993 0.645 0.35
S.P. (20mm) 1.960 0.582 0.37 1.933 0.523 0.39
S.P. =  shutter p late S =  6m m  sieves
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Sand A
Table 4.5: Range o f  measured values achieved using the Air pluviator, Sand B
Range of measured values
Shutter
Arrangement
Maximum Minimum
P
(Mg/m3)
Id e
P
(Mg/m3)
Id e
S.P. (6mm) + 2xS 1.78 0.768 0.494 1.75 0.711 0.520
S.P. (20mm)+ lxS 1.7 0.612 0.565 1.66 0.528 0.602
S.P. (20mm) 1.54 0.263 0.722 1.51 0.212 0.745
S.P. =  shutter p ia te  S = 6m m  sieves
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Sand B
Table 4.6: Range o f  measured values achieved using the A ir pluviator, Sand C
Range of measured values
Shutter
Arrangement
Maximum Minimum
P
(Mg/m3)
Id e
P
(Mg/m3)
Id e
S.P. (6mm) + 2xS 2.230 0.870 0.218 2.210 0.846 0.229
S.P. (20mm)+ lxS 2.166 0.790 0.258 2.150 0.769 0.264
S.P. (20mm) 2.061 0.648 0.318 2.045 0.625 0.329
S.P. = shu tter p late S =  6m m  sieves
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Figure 4.7: Graphical representation o f  density repeatability, range and mean,
Sand C
Table 4 .7: Mean Densities achieved in experimental model
M ean m easured values
A B C
P
(Mg/m3)
Id e P
(Mg/m3)
Id e P
(Mg/m3)
Id e
2.082 0.804 0.292 1.771 0.743 0.461 2.221 0.860 0.223
2.006 0.670 0.339 1.685 0.562 0.587 2.157 0.779 0.259
1.947 0.556 0.381 1.526 0.174 0.762 2.055 0.639 0.322
4.5 Instrumentation
The instrumentation selected for the experimental model was based on what data 
was required to establish an understanding o f the soil structure interaction and to 
obtain a quantitive relationship between the dependent parameters such as rate o f 
base displacement and density and the independent parameters such as angle o f
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internal friction. For this the vertical stress on the pile caps, the load bearing onto 
the pile caps due to arching and the base and surface deformations in the model 
were measured and recorded.
Four number load cells were used to measure the increase in vertical load on the 
pile caps due to arching as the movable base was lowered. The cells had a 
working range o f 0 to 1000kg, with nominal sensitivity o f 2mV/Volt at nominal 
voltage o f lOVolts resulting in a resolution o f 0.6N. The load cells had a 
maximum deflection o f 0.2mm and were rebated into the brackets which held the 
pile caps at the four comers o f the base o f the apparatus, Figure 4.8. The pile caps 
were then placed on top o f the load cells so that all load transfer due to arching 
onto the pile caps would be recorded by the load cells. The loads recorded by the 
load cells were checked periodically during the test series’ by placing a known 
weight on the pile caps and recording the output on the data acquisition system. 
An illustration o f a CM load cell and its dimensions is shown in Figure 4.9 and 
their position within the model is shown in Plate 4.1. The load cell specifications 
are presented in Table 4.8.
4.5.1 Load Cells
Load cell
A
~F '4 — "-'ecap
a ~t
Bracket
'ile cap
Section A-A
Figure 4.8: Detail o f  rebated load cell and bracket
26
35
Figure 4.9: CM Compression load cell (all dimensions in mm)
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4 No. Load Cells, placed 
below centre o f pile caps
Plate 4.1: Schematic o f  layout o f  model base and positions o f  load cells
Table 4.8: Specifications fo r  CM  Load Cells
Nominal Load It
Nominal Sensitivity 2mV/Volt
Sensitivity Tolerance < ±0.2%
Linearity <±0.20%  F.S.
Hysteresis <±0.20%  F.S
Non-repeatability <±0.05%  F.S.
Input resistance 700 ±2Q
Output resistance 700 ±2Q
Insulation resistance > 5G ß
Zero balance < 1% F.S.
Recommended supply voltage 10 Volt
Mechanical Limit values related to nominal load
a) service load 120% F.S.
b) max permissible load 150% F.S.
c) breaking load >300% F.S.
d) Maximum side load 50% F.S.
e) Max permissible dynamic load 50% F.S.
Displacement at Nominal load Approx. 0.2mm
Weight 0.3kg
Protection Class (EN 60529) IP67
Cell Material Stainless Steel
Cable Length 3m (PVC 105° shielded cable)
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4.5.2 Displacement Transducers
Surface and base displacements were measured using 3 No. Linear Variable 
Differential Transformers (LVDT’s). At the surface 2 No. LVDT’s were fixed to a 
metal frame attached to the top o f the box, one directly above the centre o f the 
movable base and one directly above the centre o f one o f the pile caps to measure 
differential settlement at the surface o f  the sample. At the bottom o f the sample 
the base displacement was measured from a horizontal lever arm attached to the 
centre o f the cruciform base. After calibration of the LVDT’s using a micrometer, 
it was found that the precision was in the range o f ±0.015 to ±0.03mm. The 
specifications for the LVDT’s are presented in Table 4.9 and the locations o f the 
surface LVDT’s are shown in Plate 4.2.
Table 4.9: Specifications fo r  L VDT’s
Param eter Value
Range 50mm
Resolution Infinite
Non Linearity 0.1% F.S.
Rated Output 3.6m V/Volt
Spring Force 300g
Operating temperature -10 to +60°C
LVDT Material Stainless steel
Weight 200g
Excitation 2 to 10V, AC or DC
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VDT’s, (2 placed at 
and 1 placed on 
ï cruciform base)
Plate 4.2: Schematic o f  layout o f  test surface and positions o f  L VDT’s
4.5.3 Data A cquisition
The recording and storage o f the instrument readings was carried out using the 
MPX3000 Data Logger from VJ Tech. Full description and technical 
specifications can be found in the manufacturer’s user manual and technical 
brochure (www.vjtech.co.uk). In brief the load cells and LVDT’s were connected 
through individual channels to the MPX3000. The specifications for the 
MPX3000 are given in Table 4.10.
Table 4.10: Specifications fo r  Data Logger, MPX3000
Analogue Channel Input LVDT, Pressure or Load Cell
Transfuser Excitation Supply 10V DC
Channels 8
Data Storage 192 per channel
Power Supply 110-240V AC
Dimensions 380 x 450 x 150mm
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4.6 Test Procedure
The experimental model was set up as shown in Figure 4.1 and samples o f 
different heights and densities were constructed. A manual pulley block system 
was used to allow positioning of the sand hopper over the pluviator shutter plates. 
The base o f the sand hopper was released and the sand was allowed to pour 
forming a sand deposit that was uniform and repeatable. The surface o f the sample 
was levelled by means o f a wooden board for each increment o f fill. The number 
of times that this process was repeated depended on the height o f the sample being 
constructed.
After the sample was constructed the displacement transducers were fixed at the 
surface and base o f the sample. Initial readings were taken for the four load cells 
and the LVDT’s before commencement o f the test. The movable cruciform base 
was lowered at one o f two speeds, slowly or rapidly, using the hydraulic trolley 
jack. The load on the pile caps and the surface and base displacements were 
recorded using the MPX3000 data logger.
4.7 Sum m ary
The significant physical parameters controlling the behaviour o f piled 
embankments were identified. A geometrical scale factor o f 3 was used to model a 
centrically located unit cell o f a piled embankment system. A square grid was 
adopted for the piles with centre line spacing o f 1 meter. This value corresponds 
to 3.0m centre to centre pile spacing which is the typical grid spacing adopted in 
practice.
The test box had a maximum height o f 1,0m. By using varied pile cap sizes the 
typical pile/pile cap geometry could be investigated. The test box was constructed 
from 25mm thick plywood sheets to give internal dimensions o f 
1000x1000x1000mm. The use o f a movable base was adopted in the laboratory 
model to simulate yielding subsoil conditions. The pile caps were simulated in the
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model by four blocks o f plywood, supported by rigid shelves built onto the legs o f 
the apparatus. Load cells were located between the pile caps and the rigid shelves.
An air pluviation technique similar to that designed by Schnaid (1990) was used 
to place the sand samples. The technique adopted allowed repeatable 
homogeneous samples o f the three sands to be prepared. The coefficients o f 
variation o f the sand samples achieved using the air pluviator were in the range o f
0.003-0.006 for Sand A, 0.004-0.009 for Sand B and 0.002-0.004 for Sand C. The 
instrumentation chosen for the experimental model was based on what data 
needed to be gathered to establish an understanding o f  the soil structure 
interaction and to obtain a quantitive relationship between the dependent and 
independent parameters. Four number load cells were used to measure the 
increase in vertical load onto the pile caps due to arching as the movable base was 
lowered. Surface and base displacements were measured using three number 
LVDT’s.
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5.1 Introduction
In this study the arching mechanism, where a reduction in support at the base o f an 
embankment occurred, was investigated by performing a series o f reduced scale 
physical model tests. The testing programme addressed the piled embankment 
geometry by varying the height of the fill and the density o f the fill material. The 
behaviour of the system was assessed by recording the following physical parameters
1. Pile cap loads,
2. Surface settlement at the top of the sample, above the centre of the pile
cap and above the centre o f the moveable cruciform base,
3. Base settlement.
The centre line spacing, s, between the pile caps remained unchanged at lm  for all 
tests. The plan dimensions of the pile cap size used were 0.36m x 0.36m. These pile 
cap sizes corresponded to a/2, which is half of the pile cap dimensions. The fill height 
varied from approximately 0.25m to lm, corresponding to H/s-a ratios o f 0.9 to 3.6. 
With typical centre to centre pile spacing o f 2.5m with lm  pile caps adopted in most 
design cases these ratios correspond to embankment heights of approximately 1,4m -  
4.8m. The individual test results presented represent the load transfer values recorded 
by the load cells under the pile caps, along with the recorded surface and base 
settlements.
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Three series of tests were performed;
Test Series 1, when the sand density was kept constant for a range of sample 
heights ranging from approximately 0.25m to lm  and slow release o f the base. 
This test series was used to determine the location of the critical height.
Test Series 2 involved the rapid release of the movable cruciform base, to 
simulate rapid consolidation of the poor foundation soil in a piled 
embankment and arching in an embankment over a sinkhole/void, at three 
densities and two sample heights.
Test Series 3 incorporated slow release simulating compression o f the subsoil 
due to the embankment load at three densities and two sample heights.
In Test Series 2 and 3 the height of samples was fixed at the critical height, Hc, 
determined from Test Series 1 and at a height of lm. Test Series 2 and 3 tests were 
also performed at three density indexes. Tables 5.1, 5.2 and 5.3 present the test 
conditions for each sand in Series 1, 2 and 3 respectively.
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Table 5.1: Test Series 1 (Varying Sample height)
Test
No.
Test
name
Sand Height
(m)
Release
Speed
Density Index 
Description
1 A290SM A 0.29 Slow Medium
2 A480SM A 0.48 Slow Medium
3 A640SM A 0.64 Slow Medium
4 A810SM A 0.81 Slow Medium
5 A1000SM A 1.00 Slow Medium
6 B260SM B 0.26 Slow Medium
7 B380SM B 0.38 Slow Medium
8 B440SM B 0.44 Slow Medium
9 B550SM B 0.55 Slow Medium
10 B770SM B 0.77 Slow Medium
11 B1000SM B 1.00 Slow Medium
12 C270SM C 0.27 Slow Medium
13 C410SM C 0.41 Slow Medium
14 C550SM C 0.55 Slow Medium
15 C730SM C 0.73 Slow Medium
16 C840SM C 0.84 Slow Medium
17 C1000SM C 1.00 Slow Medium
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Table 5.2: Test Series 2 (Rapid Release o f  trapdoor)
Test
No.
Test name Sand
Height
(m)
Release
Speed
Density Index 
Description
18 AHcRM A Hc =0.6 Rapid Medium
19 AHcRMD A Hc =0.6 Rapid Medium-Dense
20 AHcRD A Hc =0.6 Rapid Dense
21 A1000RM A 1.0 Rapid Medium
22 A1000RMD A 1.0 Rapid Medium-Dense
23 A1000RD A 1.0 Rapid Dense
24 BHcRL B Hc = 0.55 Rapid Loose
25 BHcRM B He = 0.55 Rapid Medium
26 BHcRD B Hc =0.55 Rapid Dense
27 B1000RL B 1.0 Rapid Loose
28 B1000RM B 1.0 Rapid Medium
29 B1000RD B 1.0 Rapid Dense
30 CHcRM C
r~~Öilu Rapid Medium
31 CHcRD C Hc =0.7 Rapid Dense
32 CHcRVD C Hc =0.7 Rapid Very Dense
33 C1000RM C 1.0 Rapid Medium
34 C1000RD C 1.0 Rapid Dense
35 C1000RVD C 1.0 Rapid Very Dense
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Table 5.3: Test Series 3 (Slow release o f  trapdoor)
Test
No.
Test name Sand Height
(m)
Release
Speed
Density Index 
Description
36 AHcSM A Hc =0.6 Slow Medium
37 AHcSMD A Hc =0.6 Slow Medium-Dense
38 AHcSD A
VOo’IIo
SC Slow Dense
39 A1000SM A 1.0 Slow Medium
40 A1000SMD A 1.0 Slow Medium-Dense
41 A1000SD A 1.0 Slow Dense
42 BHcSL B Hc = 0.55 Slow Loose
43 BHcSM B Hc = 0.55 Slow Medium
44 BHcSD B Hc = 0.55 Slow Dense
45 B1000SL B 1.0 Slow Loose
46 B1000SM B 1.0 Slow Medium
47 B1000SD B 1.0 Slow Dense
48 CHcSM C Hc =0.7 Slow Medium
49 CHcSD C Hc =0.7 Slow Dense
50 CHcSVD C SC o ll p -j Slow Very Dense
51 C1000SM C 1.0 Slow Medium
52 C1000SD C 1.0 Slow Dense
53 C1000SVD C 1.0 Slow Very Dense
5.2 Data Recorded
As discussed in Chapter 4 the experimental model incorporated 4No. load cells; one 
located under the centre of each pile cap and 3No. LVDT’s; one to record the surface 
displacement above the centre of the trapdoor, one to record surface displacement
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above the centre of the pile cap and one to measure the base displacement at the 
centre o f the trapdoor.
5.2.1 Pile Cap Loads
The purpose o f measuring the pile cap load was to determine the influence of sample 
height and sample density on the load transfer mechanism which occurred when the 
movable cruciform base was lowered.
5.2.2 Surface Settlement
The surface settlement was measured at two locations, directly above the centre of the 
pile cap and the centre o f the movable cruciform base, to determine the surface 
differential settlement during the experimental tests. The surface settlements above 
the pile cap and centre of the movable base are represented by 8pc and 8C respectively.
5.2.3 Base Settlement
The objective o f measuring the base settlement was to determine the settlement 
required to activate the load transfer mechanism within the fill material and to 
quantify the ratio of surface to base settlements. The base settlement, 8b, was 
measured at the centre of the movable base. Recording the base settlement also 
allowed the rate o f release to be estimated.
5.3 Test Series 1
Test Series 1 was performed for various sample heights (ranging from 260mm to 
1000mm) with a clear spacing between adjacent pile caps of (s-a) = 0.28m. The mean 
density indexes for individual tests are presented in Table 5.4, 5.5 and 5.6 for Sands 
A, B and C respectively.
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Table 5.4: Density Indexes o f samples (Sand A)
Test Name
Height
(mm)
I d
Medium
A290SM 290 0.658 ± 0.024
A480SM 480 0.656 ±0.030
A640SM 640 0.652 ±0.019
A810SM 810 0.672 ± 0.008
A1000SM 1000 0.653 ±0.019
Mean ± SD 0.656± 0.009
Table 5.5: Density Indexes o f samples (Sand B)
Sand
Height
(mm)
I d
Medium
B260SM 260 0.566 ±0.036
B380SM 380 0.580 ±0.027
B440SM 440 0.527 ± 0.043
B550SM 550 0.549 ±0.021
B770SM 770 0.566 ± 0.036
B1000SM 1000 0.581 ±0.022
Mean ± SD 0.562 ± 0.02
Table 5.6: Density Indexes o f  samples (Sand C)
Sand
Height
(mm)
I d
Medium
C270SM 270 0.780 ±0.005
C410SM 410 0.778 ±0.007
C550SM 550 0.775 ± 0.006
C730SM 730 0.781 ±0.006
C840SM 840 0.779 ± 0.006
C1000SM 1000 0.781 ±0.005
Mean ± SD 0.779 ± 0.002
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5.3.1 Load Transfer
The magnitude of total load transfer for different sample heights and the magnitude of 
base displacement required to initiate load transfer within the fill material was 
recorded. In all cases load transfer increased instantaneously when base displacement 
commenced and maximum load transfer was achieved at very small base 
displacements ranging from 2-7mm for all tests, beyond this any further displacement 
of the base resulted in no further increase in load transfer, Figures 5.1, 5.2 and 5.3 and 
Tables 5.7, 5.8 & 5.9, for Sands A, B and C respectively. This range was similar to 
that observed for the load/maximum shear displacements (2-5mm) for each of the 
three sands in the shear box tests discussed in Chapter 3. This response was similar 
for all sands at all sample heights examined, Appendix B.
In some of the experimental tests it was observed that one o f the load cells was not 
registering a reading. However, the values recorded by the other three load cells were 
similar in magnitude in all tests performed, Figures 5.1, 5.2 & 5.3 & Appendix B. 
This indicated that the load transfer within the model was evenly distributed and 
therefore, it was assumed in the tests where there was a non functioning load cell that 
it too carried equal loads to the functioning load cells.
Tables 5.7, 5.8 and 5.9 present the total load transfer for the sample heights tested for 
Sands A, B and C respectively and the displacements at which these load transfers 
were achieved. The total load transfer was taken as the sum of the four load cells. As 
there were tests carried out in Test Series 3 which had a similar setup as Test Series 1 
the loads recorded in these tests are included in the data. Figures 5.4, 5.5 and 5.6 
present graphically the total load transfer at each sample height tested. It was 
observed for all three test sands that as the sample height increased the magnitude of 
load transfer recorded also increased. However, the load increase with sample height 
was not linear but could be approximated as bi-linear. The rate of load increase 
changed abruptly at a particular point for each of the three sands. Two linear lines
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were incorporated into the data above and below the point at where this change in rate 
appeared to occur and the intersection of these lines was deemed to be the location of 
the plane of equal settlement.
Figure 5.2: Series 1: Load transfer to pile caps (B260SM)
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Table 5.7: Sum o f  Increase in Load recorded by load cells and base displacements at
which they occurred (Sand A)
Test Name
Sample Height 
(m)
Base Displacement 
(mm)
Total Increase in 
Load (kN)
A290SM 0.290 2 0.668
A350SM 0.350 6 1.024
A480SM 0.480 4 1.734
A600SM* 0.600 3 2.360
A640SM 0.640 7 2.640
A810SM 0.810 3 3.732
A1000SM 1.000 4 4.880
AlOOOSM* 1.000 5 4.840
*  Test Series 3
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Table 5.8: Sum o f  Increase in Load recorded by load cells and base displacements at
which they occurred (Sand B)
Test Name Sample Height 
(m)
Base Displacement 
(mm)
Total Increase in 
Load (kN)
B260SM 0.260 4 0.400
B380SM 0.380 3 0.700
B440SM 0.440 2 0.900
B550SM* 0.550 2 1.400
B550SM 0.550 3 1.460
B770SM 0.770 4 2.600
B1000SM 1.000 2 3.900
BIOOOSM* 1.000 4 3.920
* Test Series 3
Table 5.9: Sum o f  Increase in Load recorded by load cells and base displacements at
which they occurred (Sand C)
Test Name
Sample Height
(m)
Base Displacement 
(mm)
Total Increase in 
Load (kN)
C270SM 0.270 2 0.580
C410SM 0.410 2 1.200
C550SM 0.550 3 2.080
C700SM* 0.700 4 2.840
C730SM 0.730 2 3.080
C840SM 0.840 4 4.040
C1000SM 1.000 3 5.000
C1000SM* 1.000 2 5.040
* Test Series 3
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Sample Height (m)
Figure 5.4: Increase in Load v Sample Height (Sand A)
Sam ple Height (m)
Figure 5.5: Increase in Load v Sample Height (Sand B)
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Sample Height (m)
Figure 5.6: Increase in Load v Sample Height (Sand C)
5.3.2 Surface and Base Displacements
The surface displacement above the centre, 8S, the surface displacement above the 
centre of the pile cap, 8pc, and base, 8b, were recorded using the LVDT’s during this 
test series. The recorded displacements were used to compare the rate o f displacement 
and ratios o f surface to base movement.
5.3.2.1 Surface and Base differential settlements.
The surface displacements, above the centre of the sample, and base displacements 
(recorded displacement with time) are shown in Figure 5.7 (Sand A), Figure 5.8 
(Sand B) and Figure 5.9 (Sand C), displacement data for higher sample heights are 
presented in Appendix D.
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T im e (see)
0 20 40 60 80 100 120 140 160 180 200
Figure 5.7: Base & Surface Displacements (A480SM)
Figure 5.8: Base & Surface Displacements (B260SM)
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Figure 5.9: Base & Surface Displacements (C270SM)
As all displacements are plotted against time, the displacement slopes are the actual 
displacement rates (i.e. for Sand A, y =0.0991x = 0.0991m/s). As base displacement 
was activated by means o f a hand operated hydraulic jack therefore displacement 
rates varied considerably between tests. To compare the settlement data, base 
displacement, 8b, magnitudes (approximately 5mm, 10mm, 15mm and 19mm) were 
selected and the surface settlements, 8S, recorded at these base displacements were 
noted, Tables 5.10, 5.11 & 5.12 for Sands A, B and C respectively. The difference 
between the surface and base displacements were calculated for all sample heights of 
the three sands are presented in Tables 5.13, 5.14 and 5.15 and graphically in Figures 
5.10., 5.11 and 5.12 for Sands A, B and C respectively. As testing parameters were 
the same for the critical height and lm  height samples in Test Series 3 this data is 
included in the analysis.
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Table 5.10: Base and Surface displacements at sample heights tested (Sand A)
Height
5mm 10mm 15mm 19mm
8b
(mm)
8S
(mm)
8b
(mm)
8S
(mm)
8b
(mm)
6S
(mm)
8b
(mm)
8S
(mm)
0.29 5.073 4.199 10.141 8.829 15.005 13.272 19.262 17.164
0.48 5.063 3.297 10.117 6.016 15.016 8.708 19.067 10.934
0.60* 5.005 2.685 10.434 5.427 15.864 7.649 19.485 8.234
0.64 5.344 3.066 10.466 5.462 15.231 7.064 19.615 8.207
0.81 5.118 2.784 10.275 4.919 15.194 6.814 19.499 7.462
1.00 5.439 2.912 10.416 4.492 15.394 6.894 19.014 7.119
1.00* 5.118 2.667 10.275 4.713 15.154 6.529 19.192 7.995
* Test Series 3
Table 5.11: Base and Surface displacements at sample heights tested (Sand B)
Height
5mm 10mm 15mm 19mm
8b
(mm)
8S
(mm)
8b
(mm)
8S
(mm)
8b
(mm) I 
*
3 
•
'w
'
8b
(mm)
8s
(mm)
0.26 5.516 4.185 10.000 7.658 15.186 10.351 19.195 13.725
0.38 5.131 2.400 10.026 5.710 15.000 8.600 18.712 9.200
0.44 5.063 1.876 10.561 5.441 14.683 6.905 19.729 8.610
0.55* 5.089 1.567 10.063 3.734 15.037 5.766 19.010 6.847
0.55 5.045 1.620 10.120 3.740 15.034 6.162 19.110 7.077
0.77 5.039 1.478 10.115 3.171 15.029 5.029 19.121 6.934
1.00 5.414 1.628 10.461 2.962 15.880 4.872 19.094 5.157
1.00* 5.492 1.568 10.395 2.792 15.298 3.533 19.254 5.891
* Test Series 3
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Table 5.12: Base and Surface displacements at sample heights tested (Sand C)
Height
5mm 10mm 15mm 19mm
8b
(mm)
8S
(mm)
8b
(mm)
8S
(mm)
8b
(mm)
8S
(mm)
8b
(mm)
8S
(mm)
0.27 5.126 4.020 10.781 8.635 15.778 9.262 19.794 12.177
0.41 5.811 3.596 10.753 6.441 15.662 8.023 19.585 10.200
0.55 5.350 1.759 10.740 4.518 15.050 6.228 19.300 7.922
0.70* 5.072 0.960 10.606 2.756 15.451 4.470 19.312 5.280
0.73 5.774 1.480 10.908 2.660 15.384 3.700 19.287 4.950
0.84 5.924 1.490 10.870 2.485 15.186 3.271 19.652 4.330
1.00 5.076 0.771 10.078 2.033 15.080 3.395 19.752 4.240
1.00* 5.324 0.970 10.270 1.934 15.786 3.387 19.852 4.316
* Test Series 3
Table 5.13: Difference between the surface and base displacements (Sand A)
Height (m)
5mm 10mm 15mm 19mm
8b - 8S (mm) 8b - 8S (mm) 8b - 8S (mm) 8b - 8S (mm)
0.29 0.874 1.312 1.733 2.098
0.48 1.766 4.101 6.308 8.133
0.60* 2.32 5.007 8.215 11.251
0.64 2.278 5.004 8.167 11.408
0.81 2.334 5.356 8.38 12.037
1.00 2.527 5.924 8.5 11.895
1.00* 2.451 5.562 8.625 11.197
* Test Series 3
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Table 5.14: Difference between the surface and base displacements (Sand B)
Height (m)
5mm 10mm 15mm 19mm
8b - 6S (mm) 8b - 8S (mm) 8b - 8S (mm) 8b - 8S (mm)
0.26 1.331 2.342 4.835 5.470
0.38 2.731 4.316 6.400 9.512
0.44 3.187 5.120 7.778 11.119
0.55* 3.522 6.329 9.271 12.163
0.55 3.425 6.380 8.872 12.033
0.77 3.561 6.944 10.000 12.187
1.00 3.786 7.499 11.008 13.937
1.00* 3.924 7.603 11.765 13.363
* Test Series 3
Table 5.15: Difference between the surface and base displacements (Sand C)
Height (m)
5mm 10mm 15mm 19mm
8b - 8S (mm) Sb - 8S (mm) 8b - 8S (mm) Sb - 8S (mm)
0.27 1.106 2.146 6.516 7.617
0.41 2.215 4.312 7.639 9.385
0.55 3.591 6.222 8.822 11.378
0.70* 4.1118 7.85 10.981 14.032
0.73 4.294 8.248 11.684 14.337
0.84 4.434 8.385 11.915 15.322
1.00 4.305 8.045 11.685 15.512
1.00* 4.354 8.336 12.399 15.536
* Test Series 3
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Figure 5.10: Base and surface differential settlement fo r  increasing sample heights
(Sand A)
Sample H eight (m)
(Sand B)
Figure 5.11: Base and surface differential settlement for increasing sample heights
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Figure 5.12: Base and surface differential settlement fo r  increasing sample heights
(Sand C)
As the sample height increased the difference between the surface and base 
displacements, 8b-5s, increased for all sands examined in this study, Figures 5.10,
5.11 and 5.12 for Sands A, B and C respectively. This signified that as the sample 
height increased the magnitude of relative settlement at the surface o f the sample 
decreased. Again a bi-linear relationship was observed for all three test sands, Figures 
5.10, 5.11 and 5.12. It was noted that there was a significant increase in 8b-5s for all 
heights below the critical height which levelled off for heights above the critical 
height. Linear trendlines were incorporated into the two linear sections o f the data 
and their intersection point was recorded.
5.3.2.2 Ratio o f Surface to Base displacement
The relationship between surface to base displacement, 8s/5b was initially non-linear, 
however at higher base displacements a linear relationship between surface and base
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displacements was observed, Figures 5.16, 5.18 and 5.20 for sands A, B and C 
respectively. It was noticed that the magnitude o f base displacement at which the data 
changed from non linear to linear corresponded quite well with the magnitude of base 
displacement at which lull load transfer was observed, Tables 5.16, 5.17 and 5.18 and 
Figures 5.13, 5.14 and 5.15 for Sands A, B & C respectively.
Table 5.16: Magnitude o f  base displacements at fu ll load transfer and change in 
surface displacement rate (Sand A)
Test Base Displacement (mm)
Point of Maximum Load Point of change in surface 
displacement rate
A290SM 2 2.5
A480SM 4 4
A600SM* 3 4
A640SM 7 8
A810SM 3 3
A1000SM 4 3
A1000SM* 3.5 4
*Test Series 3
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Table 5.17: Magnitude o f base displacements at fu ll load transfer and change in 
surface displacement rate (Sand B)
Test Base Displacement (mm)
Point of Maximum Load Point o f change in surface 
displacement rate
B260SM 4 4
B380SM 3 2.5
B440SM 2 5
B550SM 2 3
B550SM* 4 4
B770SM 4 3
B1000SM 2 3
B1000SM* 3.5 3
*Test Series 3
Table 5.18: Magnitude o f base displacements at fu ll load transfer and change in 
surface displacement rate (Sand C)
Test Base Displacement (mm)
Point of Maximum Load Point of change in surface 
displacement rate
C270SM 2 3
C410SM 2 4
C550SM 3 2.5
C700SM* 4 3
C730SM 2 2
C840SM 4 4
C1000SM 3 3
C1000SM* 3.5 3
*Test Series 3
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Base D isplacem ent (m m )
Figure 5.13: Load transfer and corresponding Surface displacement with Base
displacement (A480SM)
Figure 5.14: Load transfer and corresponding Surface displacement with Base
displacement (B260SM)
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Figure 5.15: Load transfer and corresponding Surface displacement with Base
displacement (C270SM)
A linear trendline was incorporated in the linear portion (after maximum load transfer 
occurred) o f the data, Figures 5.16, 5.17 and 5.18 and Appendix E, to establish a ratio 
o f surface to base deformation for increasing sample heights. The ratio o f surface to 
base deformation for Sands A, B and C are presented in Tables 5.19, 5.20 and 5.21 
respectively and these ratios are presented graphically in Figures 5.19, 5.20 and 5.21. 
It was observed for all sands examined that as sample height increased the ratio of 
surface to base deformation decreased. It was also observed that that above a 
particular sample height there was a dramatic reduction in the rate of change of the 
ratio o f surface to base displacement resulting in what appeared to be a bi-linear 
relationship. Two linear trendlines were incorporated into the data to locate the point 
at which the rate o f change in surface to base displacement reduced. The point of 
their intersection was suggested to be the location of the plane o f equal settlement and
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thus the distance to the critical height, Hc, above which further increase in sample 
height had a reduced affect on the ratio o f surface to base displacement.
Base D is p la c e m e n t (m m )
Figure 5.16: Surface to Base Displacement (A480SM)
Table 5.19: Surface to Base displacement ratios (Sand A)
Test Name Sample Height (m) ôs/ôb
A290SM 0.29 0.9137
A480SM 0.48 0.5969
A600SM* 0.60 0.4312
A640SM 0.64 0.4131
A810SM 0.81 0.3829
A1000SM 1.00 0.3681
A1000SM* 1.00 0.3501
* Test Series 3
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Table 5.20: Surface to Base displacement ratios (Sand B)
Test Name Sample Height (mm) Öj/Öb
B260SM 0.26 0.9611
B380SM 0.38 0.7072
B440SM 0.44 0.6503
B550SM 0.55 0.3939
B550SM* 0.55 0.3930
B770SM 0.77 0.3565
B1000SM 1.00 0.2910
BIOOOSM* 1.00 0.3051
* Test Series 3
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Figure 5.18: Surface to Base Displacement (C270SM)
Table 5.21: Surface to base displacement ratios (Sand C)
Test Name Sample Height (mm) ös/öb
C270SM 0.27 0.8905
C410SM 0.41 0.6857
C550SM 0.55 0.4286
C700SM* 0.70 0.2720
C730SM 0.73 0.2524
C840SM 0.84 0.2426
C1000SM 1.00 0.2264
C1000SM* 1.00 0.2131
* Test Series 3
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Heisdit (111)
Figure 5.20: Surface to Base deformation ratios v sample height (Sand B)
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H eigh t (m )
Figure 5.21: Surface to base deformation ratios v sample height (Sand C)
5.3.2.3 Variation o f  Surface Displacement
Examples o f the surface displacements, above the centre of the sample and above the 
centre o f the pile cap (recorded displacement with time) are shown in Figure 5.22 
(Sand A) and Figure 5.23 (Sand C), displacement plots for higher sample heights are 
presented in Appendix D. The surface settlement above the pile cap was not recorded 
on the tests on Sand B as the LVDT used to record this data was not incorporated in 
the test set-up at the time Test Series 1 was being carried out on Sand B.
As in Section 5.3.2.2. the surface displacements above the centre o f the sample and 
above the centre of the pile cap were recorded at a corresponding base displacements 
of approximately 5mm, 10mm, 15mm & 19mm, presented in Tables 5.22 & 5.23 for 
Sands A & C respectively. The difference between the displacement above the pile 
cap and the displacement above the centre of the sample were determined and are
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presented in Tables 5.24 and 5.25 and graphically in Figures 5.24 and 5.25 for Sands 
A and C respectively.
Figure 5.22: Surface Displacements above pile cap and above centre o f sample
(A480SM)
(C270SM)
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Table 5.22: Surface differential settlement at sample heights tested (Sand A)
Height
5mm 10mm 15mm 19mm
8S
(mm)
8pC
(mm)
8s
(mm)
8pC
(mm)
8S
(mm)
8pC
(mm)
8S
(mm)
8pc
(mm)
0.29 4.199 2.063 8.829 2.752 13.272 3.224 17.164 3.635
0.48 3.297 1.703 6.016 1.601 8.708 1.973 10.934 2.462
0.60* 2.685 1.511 5.427 2.011 7.649 2.641 8.234 1.011
0.64 3.066 2.05 5.462 2.307 7.064 2.641 8.207 3.068
0.81 2.784 2.083 4.919 2.691 6.814 4.039 7.462 4.779
1.00 2.912 2.412 4.492 2.965 6.894 5.112 7.119 5.112
1.00* 2.667 2.264 4.713 3.364 6.529 5.026 7.995 6.199
* Test Series 3
Table 5.23: Surface differential settlement at sample heights tested (Sand C)
Height
5mm 10mm 15mm 19mm
8S
(mm)
8pC
(mm)
8S
(mm)
8pc
(mm)
8S
(mm)
8pC
(mm)
8S
(mm)
8pc
(mm)
0.27 4.020 0.412 8.635 3.028 9.262 2.55 12.177 5.433
0.41 3.596 0.939 6.441 1.955 8.023 2.48 10.200 5.308
0.55 1.759 0.209 4.518 1.533 6.228 2.089 7.922 5.033
0.70* 0.960 0.4 2.756 1.367 4.470 2.567 5.280 3.767
0.73 1.480 0.928 2.660 1.360 3.700 1.825 4.950 3.210
0.84 1.490 0.967 2.485 1.646 3.271 1.853 4.330 2.777
1.00 0.771 0.292 2.033 1.427 3.395 2.527 4.240 2.827
1.00* 0.970 0.553 1.934 1.246 3.387 2.553 4.316 2.998
*  Test Series 3
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Table 5.24: Surface differential settlements (Sand A)
Height (m)
5mm 10mm 15mm 19mm
8S - Spc (mm) 5S - 8pc (mm) 8S - 8pC (mm) Ss - Spc (mm)
9.29 2.136 6.077 10.048 13.529
9.48 1.594 4.415 6.735 8.472
0.60* 1.174 3.416 5.008 7.223
9.64 1.016 3.155 4.423 5.139
9.81 0.701 2.228 2.775 2.683
1.00 0.500 1.527 1.782 2.007
1.00* 0.403 1.349 1.503 1.796
* Test Series 3
Table 5.25: Surface differential settlements (Sand C)
Height (m)
5mm 10mm 15mm 19mm
09 1 03 T? ? 3 5S - 8pc (mm) 6S - Spc (mm) 8S - Spc (mm)
0.27 3.608 5.607 6.712 6.744
0.41 2.657 4.486 5.543 4.892
0.55 1.55 2.985 4.139 2.889
0.70* 0.5602 1.389 1.903 1.513
0.73 0.552 1.3 1.875 1.740
0.84 0.523 0.839 1.418 1.553
1.00 0.479 0.606 0.868 1.413
1.00* 0.417 0.688 0.834 1.318
* Test Series 3
As the sample height increased the difference between the surface displacements 
decreased, Figures 5.24 and 5.25 for Sands A and C respectively. This indicated that 
as the sample height increased the differential settlement at the surface o f the sample 
decreased. The data appeared to be bi-linear for both sands, with the difference in 
settlements decreasing rapidly at lower sample heights and tending to even off at
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higher sample heights. The non linear response was modelled as bilinear allowing 
two linear lines to intersect at the change point.
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Figure 5.24: Surface differential settlements fo r  increasing sample heights
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5.3.3 Critical Height
Load transfer and surface and base displacements were recorded during Test Series 1. 
As the density o f the samples for a particular sand were repeatable and within a close 
range (2.006 ± 0.011 for Sand A, 1.680 ± 0.016 for Sand B and 2.055 ± 0.012 for 
Sand C) the data was compared with increasing height to determine whether there 
was a relationship between:
• sample height and load transfer, Figures 5.4, 5.5 & 5.6;
. sample height and difference in base and surface settlement rates, Figures
5.10,5.11 &5.12;
. sample height and ratio of base to surface settlement, Figures 5.19, 5.20 & 
5.21;
• sample height and variation of surface settlement, Figures 5.24 & 5.25. (for 
Sands A and C only)
The formation of an arch was not observed within any o f the experimental tests and 
differential settlement was observed for all heights up to and including sample 
heights o f lm. However as the sample heights increased the magnitude o f differential 
settlement decreased and it was noted that at a particular height for each sand the 
differential settlement decreased significantly. This height was taken as the critical 
height for that particular sand. Table 5.26 presents the critical heights determined for 
the three sands from Test Series 1. Good agreement was observed between the 
calculated critical heights for each sand. The mean value was taken to be the critical 
height o f the sand as the rate of increase in load, rate of change in settlement ratios 
and rate o f differential settlement changed significantly above this height.
Due to the size o f the model and the weight o f sand to be placed it was necessary to 
bring the mean values to the nearest 50mm for ease o f placement. Therefore the
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values for the critical height used in Test Series 2 and 3 were Sand A: 0.60m, Sand B: 
0.55m & Sand C: 0.70m.
Table 5.26: Height to the critical height from comparison plots.
Sand
Relationship for determining 
H c
A B C
H vL o a d 0.60 0.55 0.69
H  v 6 /6  b 0.59 0.55 0.68
H  v (Sb-Sg) 0.61 0.55 0.69
H v  (Ss-Spc) 0.61 N/A 0.71
Mean ± SD
0.60m
±0.0096
0.55m ± 
0.00
0.69m ± 
0.0126
5.4 Test Series 2 & 3
Test Series 2 (rapid release o f base, TS 2) and Test Series 3 (slow release o f the base, 
TS, 3) were performed for three densities at the critical height (based on load transfer 
and settlement data discussed in 5.3.3.) and at the full model height (lm ) with a clear 
spacing between adjacent pile caps of (s-a) = 0.28m. The mean density indexes 
achieved in Test Series 2 and 3 using the air pluviator are presented in Table 5.27, 
5.28 and 5.29 for Sands A, B and C respectively.
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Table 5.27: Density Indexes o f samples in Test Series 2 & 3 (Sand A)
Sand & Test 
Series
Height
(mm)
Release
speed
I d
Dense
Medium-
Dense
Medium
A (TS 2)
600 Rapid 0.807 ±0.022 0.673 ±0.014 0.556 ±0.030
1000 Rapid 0.806 ±0.016 0.672 ±0.013 0.553 ±0.019
A (TS 3)
600 Slow 0.793 ±0.019 0.669 ±0.012 0.573 ±0.008
1000 Slow 0.807 ±0.018 0.666 ±0.014 0.549 ±0.024
Table 5.28: Density Indexes o f samples in Test Series 2 & 3 (Sand B)
Sand
Height
(mm)
Release
speed
I d
Dense Medium Loose
B (TS2)
550 Rapid 0.746 ±0.015 0.549 ±0.021 0.208 ±0.039
1000 Rapid 0.751 ±0.014 0.581 ±0.022 0.214 ±0.038
B (TS3)
550 Slow 0.745 ±0.008 0.527 ±0.043 0.199 ±0.026
1000 Slow 0.732 ±0.023 0.566 ±0.036 0.217 ±0.031
Table 5.29: Density Indexes o f  samples in series 2 & 3 (Sand C)
Sand
Height
(mm)
Release
speed
I d
Very Dense Dense Medium
C (TS2)
700 Rapid 0.858 ±0.005 0.779 ±0.006 0.641 ±0.006
1000 Rapid 0.859 ±0.011 0.778 ±0.005 0.641 ±0.005
C (TS3)
700 Slow 0.859 ±0.005 0.780 ±0.007 0.640 ±0.005
1000 Slow 0.862 ±0.009 0.778 ±0.005 0.635 ±0.006
5.4.1 Load Transfer
In all tests the load transfer recorded for both the rapid (TS2) and slow release (TS3) 
tests gave similar final readings. Load increased rapidly once base displacement was
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initiated and full load transfer was achieved with less than 6mm base displacement. 
However it was observed from the rapid tests that there was an initial peak load 
recorded which reduced to a final residual value, Figures 5.26 & 5.27 for Sand A, 
Figures 5.28 and 5.29 for Sand B and Figures 5.30 & 5.31 for Sand C. This load 
transfer response was attributed to the sudden release o f the trapdoor causing a rapid 
rate of shear to develop along potential failure planes.
In some of the tests performed it was noticed that there were some problems with one 
or two o f the load cells where they were not recording any load transfer. In these 
instances it was assumed that the non functioning load cell was carrying similar loads 
to the functioning load cells. This assumption was made based on the similarity o f the 
load transfer data on each load cell from the tests where all load cells were recording 
and as the experimental model was symmetrical in shape (lm 3) the load on each of 
the 4 pile caps should be equal.
Figure 5.26: Test Series 2 (rapid release) and Test Series 3 (slow release)
(A 1000RM & A 1000SM)
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Figure 5.27: Test Series 2 (rapid release) and Test Series 3 (slow release)
(AHcRM & AHcSM)
8 10 12 
T im e (s )
Figure 5.28: Test Series 2 (rapid release) and Test Series 3 (slow release)
(B1000RL & B1000SL)
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Figure 5.29: Test Series 2 (rapid release) and Test Series 3 (slow release)
(BHcRL & BHcSL)
Figure 5.30: Test Series 2 (rapid release) and Test Series 3 (slow release)
(C1000RM &C1000SM)
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T im e (sec)
Figure 5.31: Test Series 2 (rapid release) and Test Series 3 (slow release)
(CHcRM & CHcSM)
Figures 5.32-5.37 present the total load transferred recorded by the 4 load cells for the 
rapid (TS2) and slow (TS3) release tests on Sands A, B and C. Good agreement was 
found between the maximum load transfer in Test Series 3 and the residual load 
transfer in Test Series 2 in tests at critical height and at lm  for all three sands. It was 
noted for all three test sands that, at lower density indexes, as the sample density 
increased so too did the magnitude of load transfer. However it was also observed 
that the increase in load transfer reduced as density index increased for all three 
sands. This may suggest that there is an optimum density index for fill material at 
which load transfer is maximised.
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D e n s ity  In d e x
Figure 5.32: Load Transfer at Increasing Density Index 
(1000mm sample, Sand A, 3 Densities)
D e n s ity  In d e x
Figure 5.33: Load Transfer at Increasing Density Index (Hc)  
(600mm sample, Sand A, 3 Densities)
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£
D e n s ity  In d e x
Figure 5.34: Load Transfer at Increasing Density Index 
(1000mm sample, Sand B, 3 Densities)
D e n s ity  In d ex
Figure 5.35: Load Transfer at Increasing Density Index (Hc)  
(550mm sample, Sand B, 3 Densities)
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Figure 5.36: Load Transfer at Increasing Density Index 
(1000mm sample, Sand C, 3 Densities)
Figure 5.37: Load Transfer at Increasing Density Index (Hc)  
(700mm sample, Sand C, 3 Densities)
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It was not possible to record the surface and base displacements in Series 2 due to the 
rapid release of the base full load transfer and displacements were achieved within 3- 
5 seconds and the data logger was only capable of recording readings from the 
instruments at 1 second intervals; therefore the information recorded would have been 
inconclusive.
5.6 Summary
The arching mechanism within piled embankments was investigated by performing a 
series o f reduced scale physical model tests. The testing programme addressed the 
piled embankment geometry by varying the height of the fill and the density of the fill 
material.
Three series o f tests were performed,
• Test Series 1 was varying the height of the sample from 260mm to 1000mm
• Test Series 2 was the rapid release of the movable cruciform base (to simulate 
arching over a sink hole)
• Test Series 3 was gradual release (simulating compression of the subsoil due 
to the embankment load).
Test Series 1 varied the height of the fill while ensuring the density remained 
homogenous and Test Series 2 and 3 had fixed heights and were performed for three 
densities. The clear spacing between adjacent pile caps was 0.28m for all tests and the 
results are presented.
The load and settlement data recorded from Test Series 1 were considered for the 
range o f sample heights tested. The results of the different analysis techniques 
suggested that the critical heights should be taken as 0.6m for Sand A, 0.55m for 
Sand B and 0.7m for Sand C. Test Series 2 & 3 were carried out at two sample
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heights; the critical height suggested from Test Series 1 and full model height (lm). 
These heights were tested at three densities to determine if sample density influenced 
the load transfer within the model. It was noted for all sands that as the sample 
density increased the load transfer increased. The increase in load transfer was 
significant at lower densities which tended to level off as density increased further 
which would suggest that there may be a specific density which optimises load 
transfer. This will be discussed in further detail in Chapter 6.
Chapter 6: Discussion o f Results
Chapter 6 
Discussion of Results
6.1 Introduction
The objective of this experimental study was to investigate the various factors which 
affect the arching mechanism in piled embankments. For this a 1:3 scaled physical 
model o f a centrally located unit cell of a piled embankment was developed.
The results o f experimental testing are assessed in this chapter to address the 
following issues identified in the literature that may influence the arching mechanism 
in piled embankments: The affect of angle o f friction, dilatancy, density index, 
embankment height, curvature, gradation and shape o f the sand materials. The results 
o f the model tests were also used to study the validity o f a number o f frequently used 
analytical and empirical solutions to the problem of load transfer within piled 
embankments.
6.2 Summary o f  test results
6.2.1 Test series 1 
During Test Series 1 the base release speed, pile cap size and pile spacing remained 
unchanged however the following parameters were changed:
• sample height (H) was varied for each test on the three sands examined,
• angles o f internal friction (</>) and dilatancy (i//) were different for each sand 
and
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• each o f the three sands were tested at an individual density index (Id)
6.2.1.1 Load Transfers
It was found from all tests in Test Series 1 that load transfer (arching) occurred 
instantaneously with base displacement, with maximum load transfer occurring at 
displacements o f 3-7mm for all sands examined in this study. It was reported by 
Othman & Pyrah (1996) that load transfer was mobilised at a magnitude of 3mm 
which is in close agreement to the findings o f this study. As the loads recorded on the 
four pile caps were equal in magnitude, the sum of the load cell readings were taken 
as the total load transfer within the model. The total load transfer onto the pile caps 
for the varying heights plotted against sample height are presented in Figure 6.1 for 
the three test sands examined in this study.
S am p le  H e ig h t (m )
Figure 6.1: Total Load transfer v Sample Height
It was observed for all test sands that the load transfers achieved in the experimental 
model appeared to be bi-linear. Trendlines were incorporated into each o f the linear
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sections o f the data and their intersection points were taken as the critical height for 
the sand. Heights of the intersection points for the three test sands and the 
corresponding height to clear spacing factors are presented in Table 6.1. The data 
indicated that the critical height was not constant for the sands examined and may be 
dependent on the sample density or other physical properties of the fill material.
Table 6.1: Suggested critical heights from load transfer data fo r  the test sands
examined
Sand Critical Height (m) Density Index Critical Height
A 0.60 0.658 2.12 (s-a)
B 0.55 0.562 1.95 (s-a)
C 0.69 0.779 2.44 (s-a)
6.2.1.2 Base and surface settlements
Figure 6.2 shows the surface to base displacement ratios for the three test sands at 
various heights ranging from 0.26m to lm. It was observed from the experimental 
tests that as the height of the sample increased the ratio of surface to base deformation 
decreased. It was found that the rate of decrease reduced significantly for a particular 
sand at a particular sample height. This may indicate that the plane of equal 
settlement is located at this height above the base o f the model; hence this is the 
critical height, He. It was observed that the critical height varied between the three 
sands examined and ranged from 0.56-0.70m, Table 6.2. This would indicate that the 
physical properties of the sand influenced the location o f the critical height.
The settlement ratios for the three sands examined in this study are presented in 
Figures 6.3, 6.4 and 6.5 for sands A, B and C respectively. It was observed for all test 
sands that as the sample height increased the ratio o f base to surface displacement 
decreased. A dashed line is incorporated into the data corresponding with the 
determined critical height. This occurs at sample heights o f 0.60m for Sand A, 0.55m 
for Sand B and 0.70m for Sand C. This agrees well with the values obtained from the
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load transfer data which suggests that the location of the critical heights for Sands A, 
B and C are 0.60m, 0.55m and 0.70m respectively. It was noted however that the 
settlement ratios for test B440SM were highly non-linear in comparison to the other 
settlement data for this sand therefore it was proposed that this data may not be 
reliable.
Figure 6.2: Surface to base displacement v Sample Height
Table 6.2: Suggested critical heights from surface and base displacement ratios fo r
the test sands examined
Sand Critical Height (m) Density Index Critical Height
A 0.59 0.658 2.08 (s-a)
B 0.55 0.562 1.95 (s-a)
C 0.68 0.779 2.40 (s-a)
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Figure 6.3: Surface to base displacement ratios at varying heights, Sand A
Figure 6.4: Surface to base displacement ratios at varying heights, Sand B
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Figure 6.5: Surface to base displacement ratios at varying heights, Sand C
6.2.1.3 Surface differential settlement
Surface differential settlement data was recorded for Test Series 1 on sands A and C. 
At the sample surface the settlements above the centre of the moveable cruciform 
base and above the centre o f the pile cap were recorded. Differential settlement was 
not recorded for Sand B as the LVDT above the centre of the pile cap was not 
incorporated in the model at the time of testing this sand.
It was observed that as the sample height increased the differential settlement at the 
surface o f the sample decreased, Figures 6.6 and 6.7 for Sands A and C respectively. 
The observed differential settlements at the surface o f the sample reduced with 
sample height, Figure 6.8, and bi-linear trendlines were fitted to the data. It was 
suggested that for both sands there was a point above which the differential 
settlement decreased significantly. This point corresponded to sample heights of 
0.61m for Sand A and 0.70m for Sand C, Table 6.3. However, a case of zero
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differential settlement at the sample surface was not achieved in the test programme. 
This would indicate that the height of embankment required to achieve zero surface 
differential settlement is considerably higher than the critical height.
Figure 6.6: Ratio o f  surface pile cap to surface centre displacement (Sand A)
Figure 6.7: Ratio o f surface pile cap to surface centre displacement (Sand C)
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S a m p l e  H e i g h t  ( m )
Figure 6.8: Surface differential settlements at various sample heights fo r
Sands A and C
Table 6.3: Suggested critical heights from surface differential settlement data fo r  the
test sands examined
Sand Critical Height (m) Density Index Critical Height
A 0.61 0.658 2.15 (s-a)
B N/A N/A N/A
C 0.71 0.779 2.51 (s-a)
6.2.1.4 Relationship between sand properties and suggested critical
heights
The critical heights at the respective density indexes o f the three test sands examined 
are presented in Table 6.4 and graphically in Figure 6.9. The sand properties and 
critical heights are presented in Table 6.5 and graphically in Figures 6.10-6.12.
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Table 6.4: Suggested critical heights from load transfers and displacement ratios o f
the test sands examined.
Sand
Critical 
Height (m) 
(Load)
Critical 
Height (m)
(Ôs/Ôb)
Critical 
Height (m)
(Ôspc/Ôsc)
Density
Index
Critical
Height
(average)
A 0.60 0.59 0.61 0.658 2.10 (s-a)
B 0.55 0.55 N/A 0.562 1.94 (s-a)
C 0.69 0.68 0.71 0.779 2.42 (s-a)
A linear relationship for the three test sands suggesting that a possible correlation 
between sample density and angle of friction and dilatancy and the location o f the 
critical height, Figures 6.9 and 6.10.
Figure 6.11 suggests that there was no apparent correlation between the grain shape 
in terms o f roundness, sphericity and regularity. Figure 6.12 appears to have a linear 
relationship between the coefficient of uniformity and the critical height. However, 
this is not apparent for the coefficient o f curvature. Further testing on other sands 
would be required to confirm this finding.
Table 6.5: Suggested critical heights from load transfer and displacement ratios and 
sand properties o f the test sands examined.
Sand
Average Critical 
Height (m)
cu cz 5 R e fa <j>CV V
A 0.60 4.53 0.97 0.5 0.2 0.35 47° 39° 9.8°
B 0.55 1.33 1.02 0.9 0.6 0.75 44° 36° 10°
C 0.69 6.21 0.69 0.7 0.1 0.6 49°
OO
11°
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Figure 6.9: Correlation between sample density and location o f  the critical height fo r
load transfer and displacement data
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Figure 6.10: (a) Correlation between angles o f friction (<f)p &<j)cv) and (b)angle o f  
dilatancy ( y/) and location o f  critical height fo r  load transfer and displacement data
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Figure 6.11: Correlation between Sphericity (S), Roundness (R) and Regularity (e) 
and the location o f critical height fo r  load transfer and displacement data
5 0.55 0.6 0.65 0.7
Critical Heights (in)
SandB Sand A Sand C
Figure 6.12: Correlation between coefficients o f  uniformity (C,J and curvature (Cz)  
and the location o f critical height fo r  load transfer and displacement data.
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6.2.2 Test series 2
During test series 2 the pile cap size and pile spacing remained constant and the 
cruciform base was released rapidly to simulate rapid consolidation of the foundation 
soil in a piled embankment or the formation of a sinkhole. However the following 
parameters were varied:
• sample height (H) was tested at the critical height (He proposed from test 
series 1) and at full model height (lm ),
• angles of internal friction (f)  and dilatancy (if) were different for each sand 
and
• each o f the test sands were tested at three density indexes (Id )-
6.2.2.1 Peak and residual load transfer
For the rapid release tests it was not possible to measure base deformation, due to risk 
o f damage to the system, therefore load transfers were plotted with time. It was 
observed that in all cases with the rapid release tests there was an initial peak load 
transfer which reduced to a residual constant value, Figure 6.14 and Appendix B. 
This could indicate that with the rapid release (which simulated arching over a sudden 
void or rapid consolidation of the subsoil in piled embankments) there is an initial 
peak load transfer when a sudden void occurs which reduces to a residual load 
transfer within the embankment fill. This may be due to the formation of an initial 
arch which transfers a larger load to the pile caps arch then collapses, resulting in the 
formation of a second arch with reduced load transfer in the fill, Figure 6.13.
R educed load transfer
Initial load transfer
Time
c diapses
Figure 6.13: Representation o f  the collapse o f  initial arch and the formation o f  a 
secondary arch in the rapid release tests
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The load transfer observed in the 18 tests on the three sands examined in this study 
are presented in Table 6.6 and 6.7 for full model height and critical height 
respectively. This data is presented graphically in Figures 6.15 and 6.17 for peak load 
transfer and Figures 6.16 and 6.18 for residual load transfer.
It was observed for the three sands that there was a linear relationship between the 
load transfer and the sample density index for both the measured peak and residual 
load transfer, Figures 6.15-6.18. This would suggest that load transfer may be highly 
dependent on sample density index.
Figure 6.14: Rapid release load transfers recorded fo r  fu ll height samples o f the 
three sands examined in this study (Medium Density).
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Table 6.6: Total load transfer recordedfor lm  high samples o f  the three sands
examined in this study
Sand I d
Total Load Transfer
Peak (kN) Residual (kN)
A
0.563 6.8 4.87
0.658 7.2 5.4
0.81 7.36 5.83
B
0.174 5.1 3.92
0.562 5.86 4.83
0.743 7.64 4.95
C
0.639 7.06 5
0.779 8.2 5.62
0.86 9.06 5.73
D ensity  Index
Figure 6.15: Peak load transfers at the lm  height fo r  the three sands examined in this
study
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Density Index
Figure 6.16: Residual load transfers at lm  height for the three test sands examined in
this study
Table 6.7: Total load transfer recorded for Critical Height samples o f the three sands
examined in this study
Sand Id
Total Load Transfer
Peak Residual
A
0.563 3.56 2.36
0.658 4.44 3.18
0.81 4.78 3.34
B
0.174 2.92 1.4
0.562 4.06 2.78
0.743 4.28 3.1
C
0.639 4.3 2.85
0.779 5.27 3.52
0.86 5.37 3.75
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Density Index
Figure 6.17: Peak load transfers at the critical height fo r the three sands examined in
this study
Density Index
Figure 6.18: Residual load transfers at the critical height fo r the three test sands
examined in this study
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6.2.2.2 Ratio o f peak to residual load transfer
The ratio o f peak to residual load transfer for the three sands are presented in Table 
6 .8  and are shown graphically in Figure 6.19. A linear relationship was observed 
between these ratios for the three sands which corresponded to a ratio of peak to 
residual load transfer of 1.4. This would suggest that, in the case of rapid 
consolidation o f the foundation soil in a piled embankment or the formation o f a 
sinkhole, there is an initial load transfer o f 1.4 times that of the final load transfer 
achieved regardless of the density index of the fill material or the sample height. 
However, there is a data point which represents Sand B at the critical height which 
does not follow this linear trend. This could indicate that at low density indexes the 
ratio o f peak to residual is higher. However, further testing would be required to 
confirm this trend.
Table 6.8: Ratio o f peak to residual load transfers recorded at the critical height and 
1m height for the three sands examined in this study
Sand
Ratio of peak to residual load transfer
Critical height samples lm  high samples
A
1.51 1.40
1.40 1.33
1.43 1.26
B
2.08 1.30
1.46 1 . 2 1
1.38 1.54
C
1.51 1.41
1.49 1.46
1.43 1.58
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Figure 6.19: Ratio o f rapid and slow release load transfers recordedfor the three 
sands examined in this study (HC-critical height, FH-full model height)
6.2.2.3 Relationship between sand properties and load transfers
The total peak and residual load transfer achieved by the three sands examined in this 
study were compared with the properties o f the respective sand and are presented 
graphically in Figures 6.20-6.25. It was observed that as the coefficient o f curvature 
increased the total load transfer decreased, Figure 6.20. Alternatively as the value for 
the coefficient o f uniformity increased so too did the total load transfer, Figure 6.21. 
As both the coefficients of curvature and uniformity are shape parameters this 
suggested that the grain shape may have some influence on the load transfer 
achieved.
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The relationship between load transfer and grain roundness, sphericity and regularity 
are presented graphically in Figures 6.22, 6.23 and 6.24 respectively. It appeared that 
as the grain roundness increased total load transfer decreased which may be due to 
rounded grains rolling over each other before they interlock. However no relationship 
was found between grain sphericity or regularity and load transfer.
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Figure 6.22: Relationship between peak and residual load transfers and grain
roundness
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Figure 6.25 presents the total load transfer recorded with the peak and constant value 
angles of internal friction for the sands examined in this study. The peak load transfer 
was plotted with the peak angle of friction while the residual load transfers were 
plotted against the constant value angle o f friction. It was observed that the load 
transfer increased linearly with angle of internal friction. This suggested that during 
the rapid release tests the initial peak load transfer was due to the mobilization of the 
peak angle o f friction within the model which reduced to the constant value angle of 
friction as base movement ceased. As the density indexes between sands were not the 
same for the test series this would suggest that the angle of internal friction may be 
the governing factor in the magnitude o f load transfer achieved. This compares 
favourably with tests reported by Jenck et al (2006 & 2007) that the embankment fill 
material shear strength had an important influence on the load transfer to the pile caps 
and surface settlement reduction.
friction
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Figure 6.26 presents the total load transfers and the maximum angles o f dilation of 
the three sands used in this study. It was observed that there was no apparent 
relationship between the angle of dilation and the load transfer achieved in the model. 
However, in this study the vertical stresses within the model were such that the sands 
would not have dilated therefore the maximum angle o f dilatancy would not have 
been activated. Due to this it is inconclusive in the scope o f this study as to whether 
the angle o f dilation has an effect on the magnitude of load transfer.
Figure 6.26: Relationship between peak and residual load transfers and angle o f
dilation
6.2.3 Test series 3 
During test series 3 the pile cap size and pile spacing remained constant and the 
cruciform base was released gradually to simulate settlement o f the soft foundation 
soil in a piled embankment. However the following parameters were changed:
• sample height (H) was examined at the critical height (He proposed from test 
series 1 ) and at full model height (lm),
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• angles of internal friction (f) and maximum angle of dilatancy (y/) were 
different for each sand and
• each of the test sands were tested at three density indexes (Id)-
t
6.2.3.1 Load Transfer for gradual release tests
An example of the total load transfer observed for the three test sands in Test Series 3 
are presented Figure 6.27. It was observed for all three sands that the load transfer 
increased steadily until a maximum was reached and then remained constant for the 
duration of the test. Similar to Test Series 1 this maximum load transfer occurred at 
base displacements of 3-7mm. However, as the base release speed was not constant 
between tests it was necessary to plot the load transfers with time to compare the 
three test sands.
The total load transfer at their corresponding density indexes for Test Series 3 are 
presented in Tables 6.9 and 6.10 and graphically in Figures 6.28 and 6.29 for the full 
model height (lm) and the critical height (He from Test Series 1). It was observed 
that, similar to Test Series 2, a linear relationship existed between the total load 
transfer recorded for the tests and the density index of the samples tested. It was also 
noted that the load transfer recorded for test series 3 were in close agreement with the 
residual load transfers recorded from test series 2, Figure 6.30.
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Figure 6.27: Slow release load transfers recorded for full height samples o f the three 
sands examined in this study (Medium Density).
Table 6.9: Total load transfer recorded for lm high samples o f  the three sands 
examined in this study (test series 3)
Sand Id
Load transfer 
(kPa)
A
0.563 4.85
0.658 5.42
0.81 5.73
B
0.174 3.93
0.562 4.75
0.743 4.96
C
0.639 5.00
0.779 5.64
0 .8 6 5.73
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Table 6.10: Total load transfer recorded for Critical Height samples o f the three
sands examined in this study (test series 3)
Sand Id
Load transfer 
(kPa)
A
0.563 2.26
0.658 3.15
0.81 3.35
B
0.174 1.31
0.562 2.73
0.743 3.05
C
0.639 2.95
0.779 3.43
0 .8 6 3.69
D ensity Index
Figure 6.28: Total load transfers at fu ll model height fo r  the three test sands
examined in this study
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Density Index
Figure 6.29: Total load transfers at the critical height fo r the three sands examined in
this study
T est s e r ie s  2 - r e s id u a l load  t r a n s f e r
Figure 6.30: Comparison o f load transfers from test series 3 and the residual load
transfer from test series 2.
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6.2.3.2 Variation o f Surface displacement
Figures 6.31 and 6.32 present the surface displacements above the centre o f the 
sample and above the pilecaps for three density indexes of Sands A and C 
respectively. It was also noted that as the sample density increased the differential 
settlement at the sample surface decreased, Figure 6.33. At lower density indexes 
there was a significant change in the surface differential settlement recorded. 
However, as sample density increased the change in surface differential settlement 
was not as pronounced. This would suggest that there is an optimum density above 
which any further compaction of the fill material has little effect on the surface 
differential settlement. Similar findings were reported by Sadrekarimi et al. (2008 & 
2 0 1 0 } where there was a relative density above which ground surface settlement due 
to arching in the fill material became practically negligible.
Figure 6.31: Surface displacements at the pile cap and centre o f the sample, 
Sand A (Description o f notation: Tables 5.1 - 5.3)
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Figure 6.32: Surface displacements at the pile cap and centre o f the sample,
Figure 6.33: Final differential settlement magnitudes fo r  critical height and Im high 
samples at three density indexes tested for Sands A and C
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6.3 Comparison o f stress reduction ratios with current design methods
The stress reduction ratio (SRR) was employed to compare the experimental results 
to the current design methods. The stress reduction ratio is defined as the ratio of 
average stress carried by the soft soil to the average vertical stress due to the 
embankment fill. The stress reduction ratio on the moveable cruciform base was 
calculated using Equation 6.1.
SRR = àL (6.1)
Lq
where: Lo = initial load on base
AL = total load transferred onto pile caps
A comparison o f the experimental results with current design methods is presented in 
Figures 6.34, 6.35 and 6.36 for Sands A, B and C respectively for all sample heights 
tested.
When calculating the stress reduction ratio using the Terzaghi design method (1936) 
it was not specified which earth pressure coefficient should be used, therefore the 
values for the three Rankine earth pressure coefficients and the earth pressure 
coefficient presented by Handy (1985) were incorporated into Terzaghi’s design 
method. Therefore four values for SRR are presented in the data for Terzaghi’s 
design method.
The design method of Hewlett and Randolph (1988) does not incorporate lateral earth 
pressure coefficients but does however use the angle o f internal friction o f the 
material directly to calculate the stress reduction ratio. The values obtained for the
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stress reduction ratios using the peak and constant value angles o f internal friction are 
presented in the data.
Russell and Pierpoint (1997) developed the analysis o f Terzaghi (1942) to take 
account o f the three dimensional nature of soil arching in piled embankments. It was 
stated in the Russell et al. (2003) method that the earth pressure coefficient should be 
taken as K=0.5 and the stress reduction ratios are presented for both the peak and 
constant value angles o f internal friction.
various design methods and observed data from test series 1. (Sand A)
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various design methods and observed data from test series 1. (Sand B)
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Figure 6.36: Calculated stress reduction ratios at increasing sample heights using 
various design methods and observed data from test series 1. (Sand C)
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The results of the calculated stress reduction ratios based on the observed data are 
presented. It was noted that for all sands the stress reduction ratios were in good 
agreement with those calculated using the Terzaghi (1942) design method when 
incorporating the coefficient of lateral earth pressure suggested by Handy (1985) and 
when using the Russell et al. (2003) design method incorporating the constant value 
angle of internal friction. The stress reduction ratio calculated using the majority of 
the other design methods were lower making them more conservative in their 
estimate o f the SRR and resultant load at the base o f the embankment following 
arching.
6.4 Comparison o f critical heights with current design methods
Naughton (2007) suggested that embankment height is critical to the development of 
soil arching. It has been suggested that the phenomenon o f soil arching is due to the 
shear stresses mobilised between the yielding and unyielding soil masses. When the 
embankment height is sufficiently large it is assumed that these shearing forces 
terminate at some horizontal plane within the embankment fill. This plane is termed 
the plane o f equal settlement and the height from the top o f the pile caps to this plane 
is termed the critical height, Hc. It was suggested that the effect o f (j) on the critical 
height was significant with He varying from 1.24(s-a) to 2.40(s-a) as <|> increases from 
30° to 45°.
Through experimental evaluation Horgan & Sarsby (2000) suggested a range of 
values for the critical height within piled embankments from 1.545(s-a) -  1.92(s-a).
Table 6.12 presents the recommended critical heights from current literature along 
with the values for the critical height determined from the experimental data. The 
experimental data presented earlier suggested the critical height is in the range 1.96- 
2.50(s-a), Figure 6.37.
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Table 6.11: Recommended critical heights from literature.
Paper reference from literature Hc
Terzaghi (1943) 2.5(s-a)
Hewlett & Randolph (1988) 1.4(s-a)
Russell et al (2003) HforULS
Aslam & Ellis (2008) 2 .0 (s-a)
BS 8006 (2010) 1.4(s-a)
Carlsson (1987) 1.87(s-a)
Kempfert et al. (2003) s/2
Van Eekelen (2003) 2.08 (s-a)
Horgan & Sarsby (2002) 1.545(s-a)-1.92(s-a)
Naughton (2007) 1.24(s-a) -  2.40(s-a)
Chen (2007) 1,4(s-a) -  1.6 (s-a)
Observed 1.96(s-a)-2.5(s-a)
0.8
presented in current literature.
Figure 6.37: Comparison o f critical heights suggested by test results with those
-  161 -
Chapter 6: Discussion of Results
The results obtained for critical height compare quite favourably with most of the 
design methods, although the values recommended by BS 8006 (2010), Hewlett and 
RandoLph (1988) and Carlsson (1987) are slightly lower. Thus, may be less 
conservative when predicting the critical height in piled embankments.
It was suggested by Naughton (2007) that the critical height is dependent on the angle 
of internal friction of the fill material. Figure 6.38 presents the range o f constant C 
calculated using the Naughton (2007) method together with the observed data using 
both peak and critical value angles of internal friction. It was noted that as the angle 
of internal friction increased so too did the value of C, and as a result the critical 
height increased. It was also observed that the experimental data followed the trend of 
the Naughton (2007) method but the magnitudes were different; <j)p underestimated C 
while <|>cv overestimated C.
Figure 6.38: Values for the constant C obtained from Naughton (2007) and from the
observed data.
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6.5 Summary
Three series of tests were carried out using the 1:3 physical model of a piled 
embankment:
/. Test Series 1 involved varying the height of the samples from 0.25m to 
1 m (to locate the critical height).
2. Test Series 2 was the rapid release o f the movable cruciform base (to 
simulate arching over a sinkhole or rapid consolidation of the foundation 
soil in a piled embankment).
3. Test Series 3 was gradual release (simulating compression of the subsoil 
due to the embankment load).
(In Test Series 2 and 3 the lengths of the sample was fixed at the critical 
height and lm, and were tested at three relative densities.)
6.5.1 Load transfer at varying heights 
Test series 1 involved varying the heights o f the samples from approximately 0.25m 
to 1 ,0m while keeping the density index (Id ) and clear spacing, (s-a) constant. The 
base of the model was released gradually. It was observed for all sands that as the 
sample height increased so too did the load transfer recorded in the model and for 
each sand the rate o f increase of load transfer appeared to increase significantly above 
a particular sample height. It was observed that for all three sands the load transfer 
data appeared to be bi-linear therefore trendlines were incorporated into the linear 
sections of the data and their intersection points were taken to be the location of the 
critical height, Table 6.12.
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Table 6.12: Critical Heights observed for the three test sands (from load transfer
data)
Sand Critical Height (m) H/(s-a)
A 0.60 2.14
B 0.55 1.96
C 0.69 2.46
6.5.2 Surface to base deformations 
LVDT’s were fixed at the base and the surface of the experimental model to measure 
surface and base displacements in Test Series 1 & 3. It was observed from the 
experimental tests that as the height of the sample increased the ratio of surface to 
base deformation decreased. For the three tests sands the ratio data appeared to be bi­
linear with the rate of ratio of base to surface displacements decreasing significantly 
at a particular sample height for each sand. The location at which this decrease 
occurred was suggested to be the location o f the plane of equal settlement and thus 
was the Critical Height for that particular sand, Table 6.13.
Table 6.13: Critical Heights observed for the three test sands 
(from base/surface displacement data)
Sand Critical Height (m) H/(s-a)
A 0.59 2.11
B 0.55 1.96
C 0.68 2.43
Past literature suggests critical heights varying from 1.4(s-a) to 2.5(s-a), as presented 
in Chapter 2 and the experimental results implied the critical height to be within the 
range of 1.96 - 2.5(s-a).
Chapter 6: Discussion o f Results
6.5.3 Comparison o f surface differential settlement
Investigating the factors which may influence the development of surface settlement 
was one o f the main targets of this experimental study. It was observed that as the 
sample height increased the surface differential settlement decreased. The differential 
settlement data appeared to be bi-linear with the rate o f change of differential 
settlement decreasing significantly above a particular height for each sand. This rate 
of change occurred at sample heights of 0.61m for Sand A and 0.7m for Sand C, 
however a case of zero differential settlement at the sample surface was not achieved 
in the test programme suggesting that the height o f embankment required to minimise 
surface differential settlement may be significantly greater than the critical height. 
Surface differential settlements were not recorded o f Sand B as the LVDT above the 
pile cap was not incorporated in the instrumentation at the time o f testing Sand B.
Table 6.14: Critical Heights observed for the three test sands 
(from surface displacement data)
Sand Critical Height (m) H/(s-a)
A 0.61 2.18
B N/A N/A
C 0.71 2.53
6.5.4 Rapid v Gradual Release 
Test Series 2 involved rapid release o f the cruciform base while Test Series 3 
involved gradual release. The three test sands were tested at three sample densities 
and at two sample heights, the critical height (from Test Series 1) and full model 
height (1.0m). When the results of these tests were compared it was noticed that in all 
cases with the rapid release there was an initial peak load transfer which tapered off 
to a residual value. This was not observed in the gradual release tests; however the 
values recorded by the load cells corresponded to the final values o f the rapid test 
values. This could indicate that with the rapid release (which simulated arching over a 
sudden void or rapid consolidation of the soft soil in a piled embankment) there is an
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initial peak load transfer when a sudden void occurs (such as a sinkhole) which 
reduces to a residual load transfer magnitude. This may be due to the formation of an 
initial arch which collapses before the formation of a secondary arch with a lower 
magnitude o f load transfer in the embankment fill.
The three test sands were compared in relation to the load transfers achieved at their 
respective density indexes. It was observed that there was a linear relationship 
between the sample density index and the load transfer. The ratios o f peak to residual 
load transfer for the three test sands were calculated and a linear relationship 
corresponding to a ratio of 1.4 was observed. This suggested that in the case of rapid 
consolidation o f the foundation soil in a piled embankment or the formation of a 
sinkhole, there is an initial load transfer of 1.4 times that o f the final load transfer 
regardless o f the embankment fill density.
It was observed that as the coefficient of curvature and the grain roundness increased 
total load transfer decreased, which may be due to rounded grains rolling over each 
other before they interlock. However no such relationship was found for the grain 
sphericity or regularity. The load transfer recorded was also compared with the sand 
properties. A linear relationship was observed between <j)p and peak load and between 
<t>cv and residual load transfer. It was noted that when the peak load transfers were 
plotted with the peak angle of friction and the residual load transfers were plotted 
with the constant value angle of friction a linear response was observed. No apparent 
correlation was observed between load transfer and angle of dilation; however as the 
confining stresses in the model were low the maximum angle o f dilation may not 
have been mobilised.
From these observations it was apparent that the load transfer within the model was 
governed by both the angles of friction (both peak and constant value) and the density 
index. This stands to reason as these factors are intrinsically linked.
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6.5.5 Comparison o f stress reduction ratios (SRR) with current design 
methods.
The value for the stress reduction ratio calculated from the test results for both sands 
was in close agreement to the values calculated using the Terzaghi design method, 
(1936), when adopting the earth pressure coefficient suggested by Handy (1985) and 
when using the Russell et al (2003) design method incorporating the constant value 
angle of internal friction. All of the other design methods considered in this study are 
significantly lower suggesting that these design methods may be overly conservative.
6.5.6 Comparison o f critical heights (He) with current design methods and 
previous experimental investigations.
Naughton (2007) suggested that embankment height is critical to the development of 
soil arching. The critical heights suggested from the various means of analysing the 
data recorded during Test Series 1 compared very favourably to each other producing 
average critical heights of 1.96-2.5(s-a) for the three tests sands examined.
These critical heights compare quite favourably with most o f the design methods, 
although the values recommended by BS 8006 (2010), Hewlett and Randolph (1988) 
and Chen et al (2008) are slightly lower thus may be less conservative when 
predicting the critical height in piled embankments.
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Chapter 7 
Conclusions
7.1 Introduction
The preceding chapters of this study describe a detailed investigation into the arching 
mechanism within embankments using an experimental model. The results of this 
study provided an enhanced understanding o f the arching behaviour within the fill 
material in piled embankments and in embankments over areas prone to subsidence 
and identified some of the key variables which affect this behaviour and their effects.
The primary objectives o f this study were:
1. To design, build and test a novel laboratory scale apparatus to investigate
the arching mechanism in piled embankment applications.
2. To identify the mechanism of action in soil arching using a laboratory
scaled model.
3. To define and quantify the characteristics and properties o f granular fill
that influences the arching mechanisms.
In this chapter the main conclusions resulting from this study are summarised.
7.2 Literature review
A review o f the various experimental models available in the literature to quantify the 
vertical stress redistribution occurring due to arching in granular soils has been 
presented in Chapter 2. The results of experimental trapdoor tests were reviewed to 
appreciate the physical conditions affecting the arching mechanism. It has been
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identified that the dilatancy of the fill material and the ratio of clear spacing to height 
of fill are significant controlling parameters; however there have been limited 
investigations on the effect fill strength and density has on the arching mechanism.
The literature review in Chapter 2 also identified six existing design methods for 
piled embankments. In addition to assessing the load transfer within the fill material 
by means o f testing using the experimental model the results of this study have been 
compared to the stress reduction ratio (SRR) and critical height (He) predicted by 
existing design methods.
7.3 Sand Properties
To investigate whether the properties o f the fill material influenced the arching 
phenomenon it was necessary to select sands with different characteristics for use in 
the experimental study. The three sands employed in this study came from three 
different locations in Ireland. The first (termed Sand A) was a well graded, sub­
rounded, gravely sand from a quarry in Cookstown, Co. Tyrone. The second (termed 
Sand B) was uniformly graded, rounded, medium sand which was recovered from 
excavations (close to the ocean) at Ballyshannon, Co. Donegal. The third (termed 
Sand C) was well graded, angular sand from a quarry in Strabane, Co Tyrone. These 
sands were tested in accordance with BS1377:1990 and the analysis method 
described in Krumbein and Sloss (1963) and their characteristics are summarised in 
Table 7.1.
7.4 Development o f  experimental model.
The significant physical parameters controlling the behaviour o f piled embankments 
were identified. A geometrical scale factor o f 3 was used to model a centrically 
located unit cell o f a piled embankment system. A square grid was adopted for the
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piles with centre line spacing of 1 metre. This value corresponds to 3.0m centre to 
centre pile spacing which is the typical grid spacing adopted in practice.
Table 7.1: Characteristics for three sands examined
Sand A B C
c u 4.53 1.33 6.21
Cc 0.966 1.02 0.689
^  peak 47° 44° 49°
fcv 39° 36°
OO
V max 9.8° ± 0.58 10° ± 1.4 11.1° ± 0.73
Particle Density (ps) 2.688 2.660 2.717
Maximum Void 
Ratio (emax)
0.58±0.04 0.84±0.01 0.61±0.03
Minimum Void 
Ratio (emin)
0 .22±0.01 0.39± 0.006 0.16± 0.009
Classification
Well graded, 
sub-rounded sand
Uniformly graded, 
rounded sand
Well graded, 
angular sand
Particle Density (ps) 2.688 2.660 2.717
Roundness (R)* 0.2 0.6 0.1
Sphericity (S)* 0.5 0.9 0.7
Regularity (e)* 0.35 0.75 0.4
* Determined using the method outlined in ïrumbein and Sloss (1963)
The experimental model could accommodate a maximum sample height o f 1.0m. The 
experimental model was constructed from 25mm thick plywood sheets to give
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internal dimensions of 1000x1000x1000mm. The use of a movable base was adopted 
in the laboratory model to simulate yielding subsoil conditions. The pile caps were 
simulated in the model by four blocks o f plywood, supported by rigid shelves built 
onto the legs o f the apparatus.
An air pluviation technique similar to that designed by Schnaid (1990) was used to 
place the sand samples. The technique adopted allowed repeatable homogeneous 
samples o f the three sands to be prepared. The coefficients o f variation o f the density 
indexes for the sand samples achieved using the air pluviator were in the range of 
0.003-0.006 for Sand A, 0.004-0.009 for Sand B and 0.002-0.004 for Sand C.
The instrumentation chosen for the experimental model was based on what data 
needed to be gathered to establish an understanding o f the soil structure interaction 
and to obtain a quantitive relationship between the dependent and independent 
parameters. Four number load cells were used to measure the increase in load onto 
the pile caps due to arching as the movable base was lowered. Surface displacements, 
above the pile cap and over the centre of yielding block, and base displacements were 
measured using three number Linear Variable Differential Transformers (LVDT’s).
7.5 Results o f  experimental testing
Three series o f tests were performed;
Test Series 1 investigated the location of the critical height, He- The sand 
density was kept constant for a range o f sample heights ranging from 
approximately 0.25m to lm. The base of the model was released slowly.
Test Series 2 involved the rapid release o f the movable cruciform base, to 
simulate rapid consolidation o f the poor foundation soil in a piled 
embankment and arching in an embankment over a sinkhole/void at three 
densities and two sample heights for each sand.
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Test Series 3 incorporated slow release simulating compression o f the subsoil 
due to the embankment load at three densities and two sample heights for each 
sand.
In Test Series 2 and 3 the height of the samples was fixed at the critical height, (He), 
determined from Test Series 1, and at a height of lm.
7.5.1 Investigation o f critical height (He) for load transfer and base and 
surface displacements.
Test Series 1 consisted of varying the sample height while keeping the pile cap size 
and density index fixed. The rationale behind this test series was to investigate load 
transfer and settlement at different sample heights. It was found that there existed a 
particular sample height above which there was a significant change in both the 
magnitude of load transfer and also the magnitude o f surface and base displacements. 
This height was termed the critical height, He. Table 7.2 presents the location o f the 
critical height determined for the three sands in Test Series 1.
Table 7.2: Location o f the critical heights determined from study
Sand A B C
Mean Density Index 0.658 ± 0.009 0.562 ± 0.02 0.779 ± 0.002
Relationship for 
determining He
H  v Load 0.60 0.55 0.69
H  v SfSb 0.59 0.55 0 .6 8
H  v (¿b-Ss) 0.61 0.55 0.69
H  v (¿s-Spc) 0.61 N/A 0.71
Mean ± SD 0.60m ±0.01 0.55m ± 0.00 0.69m ± 0.01
H/(s-a) 2.12 1.95 2.45
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The determined critical heights correspond to a critical height o f 1 .9 5 (s -a ) to 
2.45<j - a )  which compares favourably with values suggested in the literature. It was 
observed that a case o f zero differential settlement at the sample surface was not 
achieved in the test programme which would suggest that the height of the 
embankment required to minimise surface differential settlement may be significantly 
greater than the critical height.
7.5.2 Effect sand properties on Critical Height
During Test Series 1 the three test sands examined were tested at three individual 
density indexes 0.658 for Sand A, 0.562 for Sand B and 0.779 for Sand C. It was 
observed that the critical height increased linearly with density index suggesting that 
the location of the critical height may be dependent on sample density index. The 
internal angle o f friction also had a linear relationship with the calculated critical 
height however this was not as pronounced as the relationship between He and the 
density index. This may have occurred as increasing the density index o f a 
cohesionless material has been shown to increase the angle o f friction from constant 
value to peak, Molnar (2012).
There was no apparent correlation between the grain shape in terms of roundness, 
sphericity, regularity or coefficient of curvature, however a linear relationship 
between the coefficient of uniformity and the critical height was observed. This may 
be linked with the density index achieved in the tests as the coefficient o f uniformity 
is a measure o f how blended the coarse and fine elements of the material are therefore 
sands with higher coefficients should also achieve higher density indexes.
7.5.3 Effect o f trapdoor release speed on the magnitude o f load transfer.
Two series’ of tests (Test Series 2 and 3) were carried out on the three test sands to 
assess whether the release speed of the movable cruciform base had an effect on the 
magnitude o f load transfer measured by the load cells under the four pile caps. 
Density Indexes achieved using the air pluviator were comparable for Test Series 2
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and 3 with coefficients o f variation of the sand samples o f 0.004, 0.006 & 0.005 for 
Sands A, B and C respectively. In all tests in Test Series 2 and 3 load transfer 
commenced instantaneously with base movement. It was noted that in all o f the rapid 
release tests carried out (Test Series 2) an initial peak load transfer was recorded. As 
base displacement increased this peak load transfer softened to a final residual value. 
The slow release tests (Test Series 3) did not experience a peak load transfer 
however, it was noted that in this series o f tests the increase in load transfer was 
gradual and full load transfer was achieved at very small magnitudes of base 
displacement. In each test the load transfer achieved with slow release and the 
residual values experienced with rapid release were of the same magnitude. This 
would suggest that the rate of settlement o f the soft subsoil has no apparent effect on 
the final load transfer magnitude experienced within the fill material.
7.5.4 Effect o f sand properties on the magnitude o f load transfer 
In both Test Series 2 and 3 a linear relationship between the load transfer and the 
sample density index for the peak and residual load transfer was observed. This 
would suggest that load transfer may be highly dependent on sample density index.
It appeared that as the grain roundness increased total load transfer decreased which 
may be due to rounded grains rolling over each other before they interlock. However 
no such relationship was found for the grain sphericity or regularity.
The peak load transfers were plotted with the peak angle of friction while the residual 
load transfers were plotted against the constant value angle of friction. It was 
observed that the load transfers increased linearly with increased angle o f friction for 
the three sands. This suggested that during the rapid release tests the initial peak load 
transfer was due to the mobilization of the peak strength characteristics within the 
sands which reduced to the constant value angle o f friction for the residual load 
transfer. It was noted that there was no apparent relationship between the angle of
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dilation and the load transfer achieved in the model. This may be due to the confining 
stresses within the model being low thus dilatation of the sand was not mobilized.
7.6 Implications for design o f  piled embankments and embankments over a 
potential void.
The results o f this study were used to assess the validity and appropriateness o f the 
assumptions made in the development of the existing guidance.
It was determined in Test Series 2 that increased rate of consolidation o f the 
foundation material corresponding with rapid release o f the base of the model initially 
increased the load transfer within the embankment by a factor o f 1.4 times that of 
slow release of the model base. However, as base displacement increased load 
transfer decreased to a final residual value similar in magnitude to the load transfer 
achieved at the slower rate. Therefore, it is suggested that the rate o f displacement of 
the foundation soil is not a controlling design parameter in piled embankments or 
areas prone to subsidence. One concern would be the risk o f bearing failure on the 
supports due to the initial peak load. However, it as thought that as the peak load 
dissipates immediately therefore this load need not be considered in design.
For design purposes, minimum values of He are suggested to maximise load transfer 
in the embankment fill. The results obtained for critical height compare quite 
favourably with most of the design methods, although the values recommended by 
BS8006, (2010), Hewlett and Randolph, (1988) and Carlsson (1987) are slightly 
lower thus may be less conservative when predicting the critical height in piled 
embankments. It was observed that the critical height was highly dependant on the 
angle of internal friction of the fill material. It was found that as the angle of friction 
increased so too did the critical height. This would suggest that the use of lower 
quality fills would be more beneficial in the construction o f piled embankments and 
embankments overlying voids.
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Surface differential settlement was observed in all test carried out as part of this study 
which would suggest that in an unreinforced embankment, contrary to current 
literature, zero surface differential settlement does not occur at and above the critical 
height, He. It is suggested that for zero surface differential settlement an embankment 
height significantly greater than the critical height is required.
For the prediction of the stress reduction ratio it was found that, o f the design 
methods studied, the Terzaghi (1943) method when incorporating the coefficient of 
lateral earth pressure suggested by Handy (1985) and when using the Russell et al. 
(2003) design method incorporating the constant value angle of internal friction 
compared most favourably with the experimental data.
7.7 Main conclusions o f  this study
The main findings o f this study are:
• Load transfer was mobilised instantaneously upon base displacement and 
maximum load transfer was achieved at small vertical displacements, (2 - 
7mm).
• Faster rate of settlement of the subsoil increased load transfer initially 
however as settlement continued this lowered to a residual load transfer 
similar in magnitude to the load transfer achieved at slower settlement rates.
• The density index and peak and constant value angles o f friction were found 
to be governing factors for load transfer and surface displacements.
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• The critical height is not a constant but was found to be dependent on the 
geotechnical parameters of the fill material such as the angle of friction, 
density index and coefficient of uniformity o f the sand.
• The range for the critical height determined from the model tests was found to 
be in close agreement to those stated in the literature by Terzaghi (1943), 
Aslam and Ellis (2008), Van Eekelen (2003) and Naughton (2007).
• Base and surface settlements reduced considerably once the height of the fill 
was above the critical height, He.
• Differential surface settlements were observed in all tests suggesting that zero 
differential settlement may only be achieved at fill heights significantly 
greater that the critical height, He-
• The stress reduction ratio (SRR) determined using the design methods by 
Terzaghi (1943) and Russell et al. (2003) were in close agreement with the 
experimental data.
• Grain shape and gradation was found to have little effect on the mechanism of 
arching.
7.8 Recommendations fo r further work
The arching mechanism in embankments over piles or over areas prone to subsidence 
involves the complex interaction of many factors, such as the angle o f friction of the 
fill material, the density o f the fill material and the height of the embankment. This 
study has endeavoured to consider as many potentially influential factors as possible, 
but there remains plenty o f scope for further work in this area. This study has 
identified a number of variables that appear to make little difference to the behaviour
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of arching within an embankment, but there are others which do have some influence, 
and further validation and quantification o f these effects can only be advantageous. 
Some suggestions for further research that may prove helpful to investigate some of 
the conclusions o f this study in more detail are listed below:
Further model tests, employing more sophisticated measuring and monitoring 
systems than those utilised here. Adding extra displacement transducers at the 
sample surface would allow for the surface profile to be measured more 
accurately.
Testing the three sands at an increased number o f density indexes would allow 
for the determination o f a optimum density index for maximum load transfer 
and minimum differential settlement
Incorporating geosynthetic into the model would yield a comparative to the 
test results recorded in this study. This would enable a determination o f the 
effect reinforcement has on the arching mechanism.
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Appendix A
Shear box test results
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Appendix A
Figure A. 1: Stress-displacement o f Sand A @ 6.131kPa normal stress
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Figure A. 6: Dilatancy behaviour o f  Sand A @  24.525kPa normal stress
Appendix A
Figure A. 7: Stress-displacement o f Sand A @ 125kPa normal stress
Figure A. 8: Dilatancy behaviour o f  Sand A @ 125kPa normal stress
Appendix A
Figure A. 10: Dilatancy behaviour o f Sand A @ 250kPa normal stress.
Appendix A
Figure A . l l :  Normal stress to shear stress showing Mohr-Coulomb failure envelope,
Sand A, loose
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Figure A. 16: Stress-displacement o f Sand B @  24.525kPa normal stress
Appendix A
Figure A. 18: Stress-displacement o f Sand B @ 125kPa normal stress
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Figure A.22: Normal stress to shear stress showing Mohr-Coulomb failure envelope,
Sand B, loose
Appendix A
Figure A.23: Normal stress to shear stress showing Mohr-Coulomb failure envelope,
Sand B, dense
Figure A. 24: Stress-displacement o f Sand C @  6.131kPa normal stress
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Figure A.30: Stress-displacement o f Sand C @  125kPa normal stress
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Figure A. 33: Dilatancy behaviour o f  Sand C @ 250kPa normal stress.
Figure A. 34: Normal stress to shear stress showing Mohr-Coulomb failure envelope,
Sand C, loose
Appendix A
Figure A. 35: Normal stress to shear stress showing Mohr-Coulomb failure envelope,
Sand C, dense
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Load Transfer data 
-  Test Series 1
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Figure BA: Test Series 1: Load transfer to pile caps (A290SM)
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Figure B.2: Test Series 1: Load transfer to pile caps (A350SM)
Figure B.3: Test Series 1: Load transfer to pile caps (A640SM)
Appendix B
Figure B.4: Test Series 1: Load transfer to pile caps (A810SM)
Figure B.5: Test Series 1: Load transfer to pile caps (A1000SM)
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Figure B.6: Test Series 1: Load transfer to pile caps (B380SM)
Figure B. 7; Test Series 1: Load transfer to pile caps (B440SM)
Appendix B
Figure B.8: Test Series 1: Load transfer to pile caps (B550SM)
Figure B.9: Test Series 1: Load transfer to pile caps (B770SM)
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Figure B.10: Test Series 1: Load transfer to pile caps (B1000SM)
Figure B. l l :  Test Series 1: Load transfer to pile caps (C410SM)
Appendix B
Figure B.12: Test Series 1: Load transfer to pile caps (C550SM)
Figure B.13: Test Series 1: Load transfer to pile caps (C730SM)
Appendix B
B a s e  D i s p l a c e m e n t  (mint
Figure B.14: Test Series 1: Load transfer to pile caps (C840SM)
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Load transfer data 
Test Series 2 & 3
Appendix C
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Figure C.l: Test series 2 and 3 (A1000RMD & A1000SMD)
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Figure C.2: Test series 2 and 3 (AHcRMD & AHqSMD)
Appendix C
Figure C.3: Test series 2 and 3 (A1000RD & A1000SD)
T ime (sec)
Figure C.4: Test series 2 and 3 (AHcRD & AHcSD)
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Time (sec)
Figure C.5: Test series 2 and 3 (B1000RM & B1000SM)
Figure C.6: Test series 2 and 3 (BHcRM & BHqSM)
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Figure C. 7: Test series 2 and 3 (B1000RD & B1000SD)
Figure C.8: Test series 2 and 3 (BHcRD & BHcSD)
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Figure C.9: Test series 2 and 3 (C1000RD & C1000SD)
Figure C.10: Test series 2 and 3 (CHcRD & CHcSD)
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Time (sec)
Figure C .ll:  Test series 2 and 3 (C1000RVD & C1000SVD)
Time (sec)
Figure C.12: Test series 2 and 3 (CHcRVD & CHcSVD)
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Figure D.2: Test Series 1: Displacement data (A640SM)
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Figure D. 4: Test Series 1: Displacement data (A1000SM)
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Figure D.5: Test Series 1: Displacement data (B380SM)
Figure D. 6: Test Series 1: Displacement data (B440SM)
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Figure D. 7: Test Series 1: Displacement data (B550SM)
Time (sec)
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Figure D.8: Test Series 1: Displacement data (B770SM)
Appendix D
Figure D. 9: Test Series 1: Displacement data (BIOOOSM)
Figure D. 10: Test Series 1: Displacement data (C410SM)
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Figure D .l l:  Test Series 1: Displacement data (C550SM)
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Figure D. 13: Test Series 1: Displacement data (C840SM)
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Figure D. 14: Test Series 1: Displacement data (C1000SM)
Appendix D
sample (A290SM)
Figure D16: Surface differential settlement above pile cap and above centre o f
sample (A640SM)
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sample (A810SM)
sample (A1000SM)
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sample (C730SM)
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Displacement data 
- Surface to base
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Appendix E
Figure E .l: Surface to base displacement A290SM
Figure E.2: Surface to base displacement A600SM
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Figure E.3: Surface to base displacement A640SM
Figure E.4: Surface to base displacement A810SM
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Figure E.5: Surface to base displacement A1000SM
Figure E.6: Surface to base displacement A1000SM
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Figure E. 7: Surface to base displacement B380SM
Figure E.8: Surface to base displacement B480SM
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Base Displacement (mm)
Figure E.9: Surface to base displacement B550SM
Base Displacement (mm)
Figure E.10: Surface to base displacement B550SM
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Base D isp lacem ent  (mm)
Figure E .l l :  Surface to base displacement B 7 7OSM
Base Displacement (mm)
Figure E.12: Surface to base displacement B1000SM
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Base D isp lacem ent  (mm)
Figure E.13: Surface to base displacement B1000SM
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Figure E. 15: Surface to base displacement C550SM
Base Displacement (mm)
Figure E.16: Surface to base displacement C700SM
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Figure E. 17: Surface to base displacement C700SM
Figure E.18: Surface to base displacement C840SM
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Base Displacement (mm)
Figure E.19: Surface to base displacement C1000SM
Base D isp lacem en t  (m m )
Figure E.20: Surface to base displacement C1000SM
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